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Region-specific differentiation of the hippocampal stem cell 
line HiB5 upon implantation into the developing mammalian 
brain. 

Renfranz PJ, Cunning ham M G, McKay RD . 

Department of Brain and Cognitive Sciences, Massachusetts Institute 
of Technology, Cambridge 02139. 

Proliferating precursors to the distinct cell types constituting 
the mammalian brain can be identified by the presence of 
the nestin intermediate filament. We report the 
establishment of a nestin-positive cell line, HiB5, from 
embryonic precursor cells to the rat hippocampus. Since it 
was immortalized using the temperature-sensitive allele 
tsA58 of SV40 large T antigen, these cells grow continuously 
at 33 degrees C, but not at 39 degrees C, the body 
temperature of rodents. To test their developmental 
capacity, HiB5 cells were implanted into both the neonatal 
hippocampus and cerebellum. The cells integrated into the 
host tissue and acquired morphologies characteristic of the 
neurons and glial cells found at the implant site. HiB5 cells 
might thus be useful in characterizing the signals regulating 
cell type determination in the mammalian brain. 

PMID: 1878969 [PubMed - indexed for MEDLINE] 
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Multipotent Neural Cell Lines 
Can Engraft and Participate in 
Development of Mouse Cerebellum 
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Summary 

Multipotent neural cell lines were generated via retro- 
virus-mediated v-myc transfer into murine cerebellar 
progenitor ceils. When transplanted back Into the cer- 
ebellum of newborn mice, these cells integrated into 
the cerebellum in a nontumorlgenic, cytoarchitectur- 
ally appropriate manner. Cells from the same clonal 
line differentiated into neurons or glia in a manner ap- 
propriate to their site of engraftment. Engrafted cells, 
identified by lacZ expression and PCR-mediated de- 
tection of a unique sequence arrangement, could be 
identified in animals up to 22 months postengraftment. 
Electron microscopic and immunohistochemical anal- 
ysis demonstrated that some engrafted cells were sim- 
ilar to host neurons and glia. Some transplant-derived 
neurons received appropriate synapses and formed 
normal intercellular contacts. These data indicate that 
generating immortalized cell lines for repair of, or 
transport of genes into, the CNS may be feasible. Such 
lines may also provide a model for commitment and 
differentiation of cerebellar progenitor cells. 

Introduction 

Little is known about the molecular and cellular mecha- 
nisms underlying development of the mammalian central 
nervous system (CNS). If one could study the properties 
of individual progenitors, perhaps by immortalizing such 
cells, it may be possible to unravel some of the complexi- 
ties of cell-type determination and plasticity in the imma- 
ture CNS. We (Ryder et al., 1990) and others (Freder- 
icksen et al., 1988; Bartlett et al., 1988; Geller and 
Dubois-Dalcq, 1 988; Evrard et al., 1990; Birren and Ander- 
son, 1990) previously reported the establishment of im- 
mortalized clonal neural cell lines using retrovirus vectors 
to transduce oncogenes. Our lines were generated by 
retrovirus-mediated v-myc transfer into progenitors cul- 
tured from neonatal mouse cerebellum. Lines were estab- 
lished at a time when glia and neurons— the two major 
classes of cell type in the CNS— were being generated 
from the cerebellar external germinal layer (EGL). The 
EGL is a transient zone of small mitotic cells coating the 



external surface of the developing cerebellar cortex. Aris- 
ing on embryonic day 13 by migration of cells from the 
fourth ventricle onto and over the external surface of the 
cerebellum, the EGL was viewed by classical neuroanato- 
mists as a persistent primitive ventricular zone. It has often 
been used as a test tissue for hypotheses on histogenesis 
in the nervous system (Schaper, 1897; Miale and Sidman, 
1961) owing, in part, to its relatively late development and 
accessibility. Present at birth in mammals, the EGL contin- 
ues to proliferate postnatally, reaching a maximum 8-cell 
thickness at the end of the first postnatal week and disap- 
pearing by the end of the third postnatal week in rodents. 

Our v-myc-immortalized cerebellar cell lines, estab- 
lished from the mouse EGL, evinced different morpholo- 
gies and different cell type-specific antigens, even within 
a given clone. These results suggested that the original 
immortalized progenitor cells were multipotent, in keeping 
with results from in situ lineage analysis in a number of 
CNS locations (Turner and Cepko, 1987; Turner et al., 
1990; Holt et al., 1988; Wetts and Fraser, 1988; Gray et 
al., 1988; Galileo et al., 1990; Leber et al., 1990). Not 
only was there diversity within clones, but lines were also 
observed to change during passage in vitro, alternating 
apparently spontaneously between predominantly neu- 
ronal and predominantly glial phenotypes. While changes 
in differentiation status may have simply reflected an insta- 
bility in genome structure and/or expression, the heteroge- 
neity and lability observed in vitro could in fact reflect the 
potential of progenitors in vivo in terms of their respon- 
siveness to microenvironmental signals. To test whether 
the lines could respond appropriately when presented with 
the normal developmental cues of the cerebellar environ- 
ment, as well as to probe the feasibility of using such lines 
for transduction of genes and/or functions into the in vivo 
environment, the lines were transplanted into the EGL of 
developing mouse cerebellum. The engrafted cells were 
then examined to determine whether they could partici- 
pate in normal cerebellar development. 

To identify the cell lines, they were marked by infection 
with a second retrovirus encoding the lacZ reporter gene 
(Price et al., 1987), the product of which forms a blue, 
electron-dense precipitate. During cerebellar histogenesis 
and at adulthood, the cerebella of transplant recipients 
were processed for identification of donor cells at the light 
and/or EM level. We now report that transplanted cells 
integrated into developing cerebellum in a nontumori- 
genic, cytoarchitecturally appropriate manner. Cells from 
the same clonal line differentiated into at least two neu- 
ronal types or into glia consistent with their site of en- 
graftment. Derivation of engrafted cells from the clonal cell 
line was confirmed not only by its expression of the lacZ 
gene product but also, in some cases, by identity of the 
viral integration site between the donor cell line and la- 
beled cells (portions of whose genome were amplified via 
the polymerase chain reaction [PCR]). Exogenous Esche- 
richia coli B-galactosidase could be transduced and ex- 
pressed within the cytoarchitectonics of the mammalian 



CNS for prolonged periods, at least 22 months posttrans- 
plant. In a recent, independent study using a temperature- 
sensitive SV40 T antigen-immortalized hippocampal cell 
line, Renfranz et al. (1991) report engraftment and differ- 
entiation 3-6 weeks posttransplant. 

The strategy of using retrovirus-immortalized lines as 
transduction agents for exogenous factors or as integral 
members of the cytoarchitecture of CNS tissue may be 
feasible for both clinical and research applications. 

Results 

Characteristics of Multipotent Neural Cell Lines 
prior to Transplantation 

The establishment and in vitro characterization of these 
cerebellar progenitor cell lines has been detailed pre- 
viously (Ryder et al., 1990). Briefly, retroviruses encoding 
v-myc, transcribed from the viral long terminal repeat 
(LTR) (plus the neo gene transcribed from an internal SV40 
early promoter) were introduced into primary cultures of 
dissociated neonatal mouse cerebellum. Drug-resistant 
colonies were picked on the basis of morphology and pas- 
saged to establish separate lines that were then character- 
ized using antisera to cell type-specific antigens. 

Lines were established from G418-resistant colonies 
that exhibited different morphologies and that reacted with 
different cell type-specific antisera, suggesting either neu- 
ronal or glial lineages. However, some of these lines were 
found to have identical viral integration sites, suggesting 
that they derived from infection and immortalization of the 
same progenitor cell in the primary culture. For example, 
two lines that shared a common integration site, C17 and 
C36, were from the same primary culture and presumably 
derived from sibling cells that formed independent colo- 
nies upon initial expansion of the infected primary culture. 
Both colonies were selected because they contained cells 
that bore processes, an uncommon phenotype in the cul- 
tures. Though both colonies were process bearing, the 
morphology of the cells was different in the two, as was, 
on occasion, their antibody reactivity, suggesting that they 
might represent different cell types. Another line, C27, 
derived from an independent colony in the same culture, 
had a distinct integration site in addition to another distinct 
process-bearing morphology. Some lines thus could be 
categorized into donally related "families' based on the 
location of their respective viral insertion sites. Neverthe- 
less, all three of the above mentioned lines displayed simi- 
lar qualities of neuronal-glial multipotency, heterogeneity, 
and lability. Periods of dual cell type-marker positivity or 
the transient expression of some markers was common, 
and antibody staining was rarely homogeneous. Sub- 
clones of all three lines were made and were found to 
exhibit these same properties. 

As reported in Ryder et al. (1990), the two families of 
lines used in the following experiments (i.e., the C17/C36 
family, the C27 family, and their respective subclones) 
each had the potential in vitro for expression of markers 
specific for oligodendrocytes (galactocerebroside C [Raff 
et al., 1978D and neurons (neurofilament [NF; Wood and 
Anderton, 1981]). Subclones of C27 also expressed a 



marker for astrocytes (glial fibrillary acidic protein [GFAP; 
Bignami et al., 1972]). Subclones of the C17/36 family, 
generated for the transplantation experiments, also began 
to show expression of GFAP subsequent to publication of 
Ryder et al. (1 990). When carried for prolonged periods in 
culture, some lines (e.g., C27 and C36) became domi- 
nated by cells of a flat, non-process-bearing morphology 
and lost the ability to stain for markers of differentiated cell 
types in culture. 

To define further the similarity of the cerebellar lines 
to primary cerebellar tissue, C27-3, a subclone of C27 
infected with the /acZ-encoding retrovirus BAG (Price et 
al., 1987), was reacted with a battery of antibodies re- 
ported to stain within cerebellum for defined cell types, 
both of neuronal and glial classifications. In addition to 
the previously mentioned markers, subsets of the same 
culture of C27-3 stained for the following markers: neuron- 
specific enolase, the neurotransmitter glutamate, and the 
monoclonal antibody Q600 (Gravel et al., 1987). All three 
of these antibodies are specific to neurons, primarily gran- 
ule cells (GCs), when applied to the cerebellum; their reac- 
tivity with noncerebellar cells has not been defined. In addi- 
tion, F41 (Smith et al., 1990, Soc. Neurosci., abstract), 
which is reactive with GCs and Purkinje cells, and Q1 1 1 
(Gravel et al., 1 987), which is reactive with cerebellar oligo- 
dendrocytes, showed positive staining. C27-3 also stained 
for microtubule-associated protein 1 , a neuronal marker, 
and myelin basic protein, an oligodendrocyte-specific 
marker. 

As a preliminary assessment of whether the lines wBre 
responsive to cues from bona fide cerebellar cells, an in 
vitro coculture experiment was performed. C17-2 and 
C27-3 were cocultured with primary dissociated cells from 
the newborn mouse cerebellum. They were then identified 
by X-gal histochemistry and evaluated for changes in 
growth properties and morphology. Both cerebellar lines 
stopped proliferating in the coculture and underwent dra- 
matic alterations in mophology. When cultured alone, both 
lines were dominated by large, flat, epithelial-like cells 
(Figure 1A). In the presence of primary cerebellar cells, 
the soma of C27-3 and C1 7-2 became compact and small 
with long, usually bipolar but occasionally multipolar pro- 
cesses present on the majority of X-gal + cells (Figure 1 B). 

Integration into Developing Cerebellum 

Cells from a given line were marked by infection in vitro 
with a replication-incompetent retroviral vector transduc- 
ing the histochemicaliy detectable E. coli lacZ gene (BAG 
virus) (Price et al., 1987). Subclones were picked, ex- 
panded, and tested for B-galactosidase expression, as de- 
tailed in the Experimental Procedures. Subclones that 
contained >90% B-gal + cells were further maintained. 
These were tested for the presence of helper virus and 
characterized immunocytochemically for cell type-spe- 
cific markers prior to transplantation. 

Approximately 2 x 10 4 to 6 x 10* cells of a given line 
were injected into the EGL of the cerebellum of newborn 
mice. Animals were sacrificed either during the first post- 
natal week (6 hr to 7 days posttransplant) when cerebellar 
histogenesis is active and the EGL is most prominent, or at 
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Figure 1. Cerebellar Cell Line C27-3 Can Respond to Environmental Cues In Vitro and Can Engraft into Developing Cerebellum 

(A-B) Cerebellar cell line C27-3 cocultured with primary dissociated mouse cerebellum. After 8 days in vitro, C27-3 (blue, X-gar cells) stopped 

proliferating and sent out processes in the cocultures (B) but not in the control, noncocultured wells (A). 

(C-E) Cerebellar cell line transplants analyzed during cerebellar histogenesis. Parasagittal sections of cerebella from pups processed for lacZ 
expression during cerebellar histogenesis in the first week of lite, shortly following transplantation of line C27-3. A relatively small number of cells 
actually apposed the EGL initially (6 hr posttransplant; |C], arrow), began integrating, and appeared to migrate (72 hr posttransplant; [D] and [E], 
respectively). Arrow in (C) indicates pial surface. (E) illustrates the typical spindle-shaped migratory pattern of a cell leaving the lower EGL and 
entering the nascent molecular layer (ml). 

(F-G) Cerebellar cell line transplant, analyzed at adulthood. (F) shows dense incorporation of blue cells within the internal granular layer (igl) of 
the cerebellum from a 22 month old mouse who, as a newborn, received a transplant of line C27-3. The cerebellum as pictured in (F) was processed 
for (acZ histochemistry as an ~0.5 mm thick parasagittal floating section in preparation for electron microscopy. (G) shows a 1 urn semithin section 
of the IGL from the tissue pictured in (F). The blue histochemical precipitate created by the X-gal reaction formed a perinuclear ring around labeled 
transplanted cells. 

Scale bars: (A) and (B), 50 urn; (CHE), 100 urn; (F), 500 um; (G), 10 nm. Photographed using Nomarski optics In (AME) and (G) and bright-field 
optics in (F). 




(A) Cerebellar cell line transplant recipient, analyzed at adulthood. Blue cells occupying the IQL of the top-most folium (arrowhead) are cells from 
line C27-3 transplanted into a newborn mouse and visualized in this 60 urn thick parasagittal section of cerebellum by X-gal histochemistry at 
8 months of age (arrowhead positioned at pial surface). 

(B-D) Shown In (B) is a 60 urn section from the SBme cell line and same animal pictured in (A), ~1 mm away parasagittal^. The group of X-gal' 
cells on the right of (B) are located in the IGL (layer closest to white matter tracts |wm]) and possess neuronal (GC) morphology, as seen at higher 
power In (D); the cells in the IGL of (A) also look like this at high power. The group of X-gal* cells on the left of (B) are primarily located in and virtually 
span the molecular layer (ml; farthest from wm) and possess glial (astrocytic) morphology, as seen at higher power in (C). Arrowhead in (B) indicates 
pial surface. 

(E) X-flar cells located along white matter tracts (wm) in a 30 urn section of adult cerebellum from another C27-3 transplant recipient. 

(F) High power view of cells pictured in (E). This animal also contained X-gal* cells of the two types pictured in (B) (not shown), pi, Purkinje cell 
layer, a discontinuous, single layer of large cells oriented between the IGL and the ML. 
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adulthood (1 -22 months of age), by which time cerebellar 
development and differentiation are complete. Sections of 
the cerebellum (either 60 urn cryostat sections affixed to 
gelatin-coated slides or 100-500 jim floating sections) 
were processed using X-gal histochemistry to locate la- 
beled cells. 

Analysis In First Week 

Analysis of pups during the first week of life revealed en- 
graftment of transplanted cells into the EGL, occasionally 
as early as 6 hr posttransplantation, but clearly by 72 hr. 
Between 3 and 7 days posttransplantation, engrafted cells 
in the EGL could often be seen assuming the spindle- 
shaped morphology previously described as indicative of 
migration of endogenous, newly postmitotic EGL-derived 
cells (Miale and Sidman, 1961; Smeyne and Goldowitz, 
1989). The labeled cells appeared to migrate from the 
lower EGL into and across the molecular layer (ML) toward 
the widening internal granular layer (IGL), the layer where 
mature GC neurons reside. Of the large number of cells 
injected for transplantation, a relatively small number actu- 
ally apposed the EGL initially (Figure 1C) (4.6% of the 
inoculum 6 hr posttransplant, averaged from two represen- 
tative animals), and an even smaller number could be seen 
actually within the EGL and/or appearing to migrate from 
it (Figures 1 D and 1 E) (1 .8% of the inoculum 72 hr post- 
transplant, averaged from two representative animals); 
most of the cells either immediately escaped along the 
injection tract out the injection hole, entered intermenin- 
geal spaces, or became otherwise inaccessible to neural 
tissue for engraftment (not shown). Occasionally, large 
foci of cells were noted intraparenchymally, clearly depos- 
ited there by an excessively deep injection. 
Analysis at Adulthood 

Sections of cerebellum processed at adulthood revealed 
appropriate integration of labeled cells into that structure's 
cytoarchitecture with no evidence of tumor formation. In 
the animal pictured in Figure 2A, sacrificed at 8 months of 
age, ~10* cells from C27-3 spanning 1.7 mm (medial- 
lateral dimension) were incorporated. They were predomi- 
nantly in the IGL and primarily in the vermis (subdivision 
of the cerebellum located in the midline) and posterior 
lobules. In the animal pictured in Figure 1F, sacrificed at 



22 months of age, approximately twice as many cells (from 
C27-3) spanning twice that distance were detected. 

Within the animal pictured in Figure 2B, some cells from 
C27-3 were located within the IGL and possessed neu- 
ronal morphology, suggestive of GCs (Figure 2D); other 
cells from that line were located within the ML and pos- 
sessed glial morphology, suggestive of astrocytes (Figure 
2C). Others from that line, e.g., in the animal pictured in 
Figures 2E and 2F, were found to reside along white matter 
tracts, assuming the location and morphology characteris- 
tic of a different glial cell type (oligodendrocytes). Multiple 
morphologies suggestive of multiple fates were observed 
in 5 adult animals transplanted with C27-3 and in 2 adult 
animals transplanted with C17-2. Further analysis of the 
nature of engrafted cells using ultrastructural and immuno- 
histochemical criteria will be presented below. A fibroblast 
cell line expressing the /acZ gene, transplanted as a con- 
trol, always failed to engraft. 
Lack of Tumorigenlclty 

No tumors have ever been seen in more than 200 animals 
receiving transplants of various neural cell lines and vari- 
ous passages of those lines, often followed for more than 
2 years posttransplant. Furthermore, animals with suc- 
cessful cerebellar transplants were never ataxic or other- 
wise motorically impaired. 
Efficiency of Long-Term Engraftment 
To date, there have been 34 animals in which X-gal* cells 
have been found within the cerebellum following trans- 
plantation (Table 1). Of these, 14 were present in adults; 
of these adult cerebella, 10 contained what appeared to 
be neurons (8 of these in combination with glia); 4 con- 
tained what appeared to be glia alone. The number of 
engrafted cells noted at adulthood varied widely, though 
attempts were always made to keep the initial inoculum 
constant in terms of concentration and amount across ex- 
periments (as described in the Experimental Procedures). 
There were many experiments (18) in which no en- 
graftment was observed. In addition to the 34 positive ani- 
mals presented in the Table 1 , there were 1 72 animals in 
which no cerebellar engraftment was detected (16 pups, 
156 adults). 

Two out of three clonal lines examined (C17 and C27), 



(G) Cerebellum stained with a cerebellar neuronal nuclear marker. A paraffin-embedded section of cerebellum (1 urn thick) was reacted with the 
cerebellar neuronal nuclear antibody Q502 (courtesy of R. Hawkes) and visualized af high power. Neuronal nuclei are stained. The staining is located 
principally in the IGL, where GCs (e.g., short arrow) are abundant, is seen in the Purkinje cell layer (long arrow), and is virtually nonexistent in the 
ML, where neurons are sparse. 

(H-J) Dual staining for p-galactosidase and the Q502 cerebellar neuronal nuclear marker. Three 1 H m thick paraffin-embedded sections from the 
IGL of the C27-3 transplant recipient pictured in Figures 1F and 1G reacted with Q502 as in (G). When immunoperoxidase staining followed X-gal 
processing, these double-labeled cells (arrows) had a brown bull's eye appearance within a blue perinuclear ring. Nuclei of endogenous GCs also 
exhibited the brown antibody stain but did not have the blue perinuclear precipitate. 

(K-N) Shown are GC neurons mechanically dissociated and visualized as isolated individual cells following X-gal and/or immunocytochemical 
processing of 1 urn paraffin-embedded sections. (K) and (L) show double-labeled transplant-derived GC neurons from a recipient of C 1 7-2 with blue 
perinuclear ring and brown bull's eye appearance following reaction with Q502 (alkaline phosphatase-conjugated secondary antibody). (M) illustrates 
endogenous GC exhibiting brown Q502 antibody stain but without the blue perinuclear precipitate. (N) shows negative control: an endogenous GC 
cell stained with an irrelevant antibody. 

(O-Q) Transplant-derived cells from the ML stained for the glial (astrocytic) marker GFAP. In (O), cells from the ML of the C1 7-2 transplant recipient 
studied in (K) and (L) were stained in situ for GFAP as per (HHJ). Robust staining was noted, primarily of processes (arrows) and occasionally of 
cell bodies (arrowhead). In (P), blue cells from ML of this animal mechanically dissociated as per (KHN) following GFAP staining. Arrowhead 
indicates GFAP-labeled brown-blue cell bodies. Arrow indicates anti-GFAP-labeled brown process that appeared to emanate from a blue cell. (Q) 
shows a negative control: transplant-derived GC from the same animal as in (K), (L), (O), and (P) stained instead for the glial marker GFAP. 
Scale bars: (A), 300 urn; (B) and (E), 100 urn; (C) and (D). 50 nm; (F), 20 urn; (GHO) and (Q). 5 urn; (P), 25 urn. Photographed using Nomarski 
optics In (B), (D), and (GHJ); bright-field optics in (A), (C), (F), and (KHQ): and dark-field optics in (E). 
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Cell Line- 


Age at 
Analysis" 


Approximate 
Number of Cells 
Engrafted' 1 


Efficiency of 
Experiment" 


Neurons Glia EGL/ML" 



C27-3' 
C27-3' 
C27-3' 
C27-3 
C17-2 
C17-2 
C27-3 
C17-2 
CI 7-2 
C27-3 
C27-3 
C27-3 
C36-4 
C27-16 
C27-3 
C27-3 
C27-3 
C27-3 
C27-3 
C27-3 
C27-3 
C27-3 
C27 
C27 
C27 
C27 
C27-11 
C27-16 
C27-16 
C27-5 
C27-5 
C27-5 
C17-2 
C17-2 



22 months 
8 months 
3 months 



• A given cell line is designated by the number following "C", e.g., C27; a number following a dash refers to a subclone of that cell line, e.g., C27-3. 
6 Animals less than 1 month of age (adulthood) are designated by postnatal day of life (e.g., "P3") where day of birth - PO. 

c Approximate number of tecZ* cells found at the Indicated harvest date: 4+ = >10*; 3+ =» lOMO*; 2+ =» 1C-10 3 ; 1+ - <10*. 

• Efficiency of engraftment in the particular 



number of positive animals In that 

number of animals analyzed in that experiment. 
' EGL - external germinal layer; ML - molecular layer (see text for details ). 

Confirmation that the viral insert in blue cells from a transplant recipient brain is identical to that of the donor cell line. 
Confirmed by el 



" Synapses on transplant-derived granule cell neurons identified by electron microscopy. 



have shown multiple instances of engraftment. Of these, 
the respective subclones, C17-2 and C27-3, have proven 
the most successful and are therefore the best studied. 
However, the efficiencies vary greatly and, at present, in- 
explicably. They range from 0%-1 00% per experiment for 
the former (mean: 16%) and 25%-75% per experiment 
for the latter (mean: 55%), failure to engraft being the most 
common overall outcome at this point. However, since 
engraftment has been scored by expression of p-galactosi- 
dase, it is possible that engraftment rates are much higher, 
but that frequency of detectable P-galactosidase expres- 
sion is significantly lower than the actual engraftment rate 
(see Discussion). 

It should be noted that not all cell lines-even subclones 
of the same line-engraft (although given the low fre- 
even the best lines, lack of en- 



it by any line must be interpreted with caution). 
Furthermore, not all passages of even a competent line 
(e.g., C27-3) engraft with equal efficiency. We have not yet 
been able to determine which variables insure the greatest 
number of engrafted cells per animal with the greatest 
efficiency per litter. While the precise "engraftability" fac- 
tors) remains elusive, it appears that periods during which 
the lines are process bearing in culture and display some 
percentage of differentiated neural markers (NF and/or 
GFAP) correlate with more reliable engraftment, as op- 
posed to aflat morphology with no cell marker expression. 
While uniformly flat, non-marker-expressing cells almost 
never engraft, the converse, i.e., expression of markers, 
does not necessarily insure engraftment. The first 24-48 
hr of life appeared the most "engraftaWe" age for a recipi- 
ent newborn mouse pup; while efficiency of engraftment 
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Figure 3. Distribution and Morphology of Host 
Cerebellar Cells after Transduction of the tacZ 

To generate X-gal-labeled host cerebellar cells 
for comparison with X-gal-labeled engrafted 



grafted host was infected by an injection of the 
BAG virus; the cerebellum was processed for 
X-gal histochemistry at adulthood. 

(A) X-gal* host cells in parasagittal section of 
adult cerebellum are located primarily in the 
IGL (borders outlined by small arrows; pial sur- 
face is at the top of the photomicrograph). Com- 
pare with engrafted C27-3 X-gal* cells in Fig- 
ure 2A. 

(B) Higher power view of X-gal* host cells from 
cerebellum pictured in (A). Compare with en- 
grafted X-gal* C27-3 cells in Figure 2D. 
Scale bars: (A), 100 urn; (B), 20 urn. Photo- 
graphed using bright-field optics in (A) and (B). 



was only slightly better (18% at <P2 vs. 15% at <P2), 
there tended to be a larger number of engrafted cells 
seen in positive animals transplanted at the younger age. 

Endogenous Granule Cells Observed In Situ 

To compare the morphology and distribution of ceils de- 
rived from transplanted lines with those derived from en- 
dogenous cerebellar progenitors, the BAG vector was in- 
jected directly into neonatal mouse cerebellum, labeling 
endogenous mitotic progenitors and their progeny in situ. 
After the cerebella were fully differentiated, sections of the 
tissue were processed to locate the marked cells. Blue 
cells were located principally in the IGL, consistent with 
their having been born postnatally in the EGL and having 
descended to terminate in the IGL (Figure 3A). Cell bodies 
were small and round with a few fine dendritic processes 
barely filled with the blue precipitate (Figure 3B). In con- 
trast, the processes and cytoplasm of IGL cells derived 
from transplants were "plumper" and better defined (com- 
pare Figure 3B with Figure 2D). Parallel fibers of endoge- 
nous GCs, the axonal projections that form the ML, were 
never observed to be labeled by precipitate. Similarly, 
transplant-derived IGL cells did not exhibit labeled projec- 
tions. This finding is not unexpected, as the X-gal precipi- 
tate has frequently failed to fill the processes of infected 
neurons and/or glia. 

Although newly born GCs migrate from EGL to IGL down 
columns along radial glial fibers (Rakic, 1971), blue cells 
derived from either the cell lines or endogenous progeni- 
tors were seen not to be columnarly arrayed at adulthood, 
and cells in columns were far from uniformly blue. Rather, 
there was enormous scatter of blue cells derived from en- 
dogenous progenitors (Figure 3A). A more clustered but 
still nonradial pattern of distribution of ceils derived from 
the cell lines was seen. Occasionally, from either endoge- 
nous progenitors or from transplanted cells, different cell 
types (e.g., glia and neurons) were juxtaposed. Although 
a significant percentage of the endogenously derived la- 
beled cells were no doubt clonally related, the extensive 



migration of labeled cells made it impossible to delineate 
clonal boundaries reliably. 

Immunohistochemical Analysis of Engrafted Cells 

Returning to examination of transplanted, exogenous 
cells, as shown in Figures 1 and 2, several morphologies 
and locations consistent with a variety of cell types were 
observed among stably engrafted cells. To characterize 
further the engrafted cells, antibodies directed against 
neuronal and glia cell types were used to stain X-gal + cells. 
When applied to tissue sections containing X-gal* cells, 
this approach was slightly hampered by the arrangement 
of cells within the adult cerebellum. For example, the IGL 
is an area of extremely high GC density. It is thus difficult 
to assess reliably whether X-gal* cells are positive or nega- 
tive for a GC antigen, owing to the high endogenous anti- 
gen density. To circumvent this problem partially, two 
approaches were taken. Cryostat sections (60 urn) con- 
taining X-gal + cells were embedded in paraffin so that thin- 
ner, 1 u.m sections, could be made. As the diameter of a 
GC is 5-8 urn, 1 urn sections partially relieved the problem 
of superposition of endogenous and transplant-derived 
cells. Second, after immunohistochemical processing of 
the section, cells within the section were mechanically 
disassociated. Individual cells could then be scrutinized. 

Antibodies that react with cerebellar neurons were di- 
rected against the IGL from X-gal-processed tissue of 
transplant recipients, including those pictured in Figures 
1F, 1G, and 2D. As in the semithin sections for electron 
microscopic (EM) analysis (Figure 1G), the perinuclear 
ring of the lacZ reaction product within the labeled cell 
left a clear nucleus; a nuclear anti-neuronal monoclonal 
antibody, detected with a conjugate of horseradish peroxi- 
dase or alkaline phosphatase, could be directed against 
such a cell, conferring a"bull's eye" appearance if success- 
fully double labeled. The monoclonal antibody Q502, when 
directed against paraffin-embedded 1 urn sections of 
mouse cerebellum, stained most neuronal nuclei in the 
IGL (Figure 2G), as previously reported (Gravel et al., 
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1 987). Cells within the IGL varied in their intensity of stain- 
ing, and it appeared that cells within the Purkinje cell layer 
stained most intensely. Blue cells in the IGL of recipient 
animals, examined in this fashion, also stained positively 
with Q502 (Figures 2H-2J); they stained with a variety of 
intensities, some definitively positive (e.g., Figure 2J), and 
some less so (e.g., Figure 21). Dissociated blue cells re- 
vealed brown nuclear staining (Figures 2K and 2L) similar 
to that of isolated endogenous GCs (Figure 2M), but distin- 
guishable from blue GCs stained with an irrelevant anti- 
body (Figure 2N) or with an antibody directed against the 
astrocyte marker GFAP (Figure 2Q). 

A similar procedure using anti-GFAP antibody was per- 
formed for transplant-derived cells with glial morphology 
in the ML. Anti-GFAP stained blue cells in the ML in situ 
(Figure 20) in a manner similar to that of endogenous cells 
(not shown). When the tissue was mechanically dissoci- 
ated, staining of GFAP on individual blue cells was detect- 
able and resembled staining of dissociated endogenous 
astrocytes (Figure 2P). The cell body, as well as pro- 
cesses, of some blue cells exhibited colocalization of 
the GFAP and X-gal stains. As previously noted, GFAP did 
not stain presumptive GCs, which stained for Q502 (Fig- 
ure 2Q). 

Ultrastructural Analysis 

As the cerebellum has been extensively characterized at 
the ultrastructural level using electron microscopy, an as- 
sessment of the differentiation state (and thus functional 
potential) of engrafted cells is most reliably made using 
these criteria. Ultrastructural features also reliably confirm 
cell type identification (Palay and Chan-Palay, 1974). 

Four positive recipient mouse cerebella were prepared 
for EM examination (Table 1). Floating sections (100-500 
u,m thick) of cerebella at adulthood were processed for 
X-gal histochemistry (Figure 1 F). As seen in 1 urn semithin 
sections of the IGL (Figure 1G), the most obvious location 
of the blue histochemical precipitate created by dimeriza- 
tion of the X-gal product is in the perinuclear region of 
transplanted cells, distinguishing them from endogenous 
GC neurons. This precipitate is electron dense (Bonnerot 
et al., 1987), allowing engrafted labeled cells to be distin- 
guished from endogenous GC, which they otherwise re- 
semble ultrastructurally (Figure 4A). The precipitate is lo- 
calized not only to the nuclear membrane but also to 
cytoplasmic, subcellular organelles such as the endoplas- 
mic reticulum (ER) (Figures 4A and 4B, arrows). Individual 
particles, when examined under high power, appear crys- 
talline (Figure 4B, inset). 

GC neurons are identified ultrastructurally as small 



round or oval cells (5-8 urn diameter) in the IGL with mea- 
ger cytoplasm forming a rim around a large round nucleus. 
The cytoplasm contains few mitochondria and short tu- 
bules of ER, sometimes squeezed into a small space 
within the cytoplasm created by dimpling of the nucleus. 
The nucleus contains large blocks of condensed chroma- 
tin usually distributed along the inner side of the nuclear 
envelope forming a characteristic "clock face appear- 
ance"; a small nucleolus is usually hidden within one of 
these chromatin blocks (Eccles et al., 1967; Palay and 
Chan-Palay, 1974; Peters et al., 1991; S. Palay, personal 
communication). 

A second type of labeled, transplant-derived neuron was 
also identified, the basket cell (BC) neuron (Figures 5A 
and 5B). BCs are also born in the postnatal period, al- 
though their origin is somewhat controversial (Eccles et 
al., 1967; Altman, 1982; Miale and Sidman, 1961; Palay 
and Chan-Palay, 1974; Hallonet et al., 1990). In the normal 
cerebellum, BCs are very few in number, comprising 
20-fold fewer cells than the extremely abundant GCs, and 
thus were seen labeled only rarely. BCs are defined ultra- 
structurally as larger cells (1 2-20 u.m diameter) in the lower 
ML with ample cytoplasm and a distinctive large, indented 
(often deeply) irregular nucleus with dispersed, nonaggre- 
gated, less dense chromatin. The prominent ER cisternae 
are roughly parallel with the nuclear envelope (Eccles et 
al., 1967; Palay and Chan-Palay, 1974; S. Palay, E. Mug- 
naini, personal communication). As in the transplant- 
derived GCs, label was located within the nuclear enve- 
lope and in the ER. 

Glial cells with label were also identified (Figures 5C- 
5E). One type of glial cell, an oligodendrocyte (Figures 5C 
and 5E), though somewhat similar in size and shape to a 
GC neuron, is identified by its distinctively dark cytoplasm, 
an appearance created in the mature cell by numerous 
fine granules. Because the nucleus lies somewhat eccen- 
trically, a large mass of cytoplasm, while not voluminous, 
may occur at the poles of the cell. The contour of the 
perikaryon is smooth and regular. Unlike in the GC, the 
nuclear chromatin tends to marginate and flatten against 
the nuclear membrane and/or clump centrally, allowing a 
prominent nucleolus to be visualized in IGL oligodendro- 
cytes. The mitochondria are short and round and the ER 
are usually well developed, long, meandering, and dis- 
tended. Oligodendrocytes are usually located near myelin- 
ated fibers or near blood vessels (Palay and Chan-Palay, 
1974; Peters et al., 1991). In Figure 5C, precipitate was 
seen in the nuclear membrane and ER of an ultrastructur- 
ally identified oligodendrocyte. 

Evidence for label within a second type of glial cell, an 



Figure 4. Engrafted Cells, Identified by Electron-Dense X-Gal Precipitate, Resemble Host Granule Cells at the Ultrastructural Level 
Electron micrographs from the IGL of the C27-3 transplant recipient pictured In Figures 1F and 1G, 22 months posttransplant. 

(A) The blue perinuclear histochemical precipitate is electron dense, allowing engrafted labeled cells (LGC) to be distinguished from endogenous 
unlabeled granule cell neurons (UGC), which they otherwise resemble ultrastructurally. Compare with light microscopic picture of a semithin section 
from a similar field in Figure 1G. The precipitate is localized in cytoplasmic, subcellular organelles (arrow)-the ER. Scale bar, 1 urn. 

(B) A transplant-derived, labeled granule cell (LGC) in which the precipitate forms a discontinuous, more discrete pattern around the nucleus and 
in subcellular organelles (arrow), n, nucleus; c, cytoplasm; m, mitochondrion. Scale bar, 1 urn. 

(B. inset) The three precipitate particles at the tip of the arrow in (B) are enlarged in order to demonstrate their crystalline character. 
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astrocyte, was also noted. Mature astrocytes are defined 
ultrastructurally by the presence of glial filaments (GFs) 
(the main constituent of which is defined by GFAP antibod- 
ies) (Palay and Chan-Palay, 1974; Peters et al.. 1991 ; Big- 
nami et al., 1972). Figure 5D demonstrates precipitate- 
bearing processes with GFs, defining them as astrocytic. 
GFs are defined and distinguished ultrastructurally from 
neurofilaments (NFs) by several criteria. In appearance, 
GFs are fine, smooth, uniform in size, closely packed, and 
unmyelinated. In contrast, NFs are coarse, "bumpy," of 
multiple sizes, widely spaced, loosely bundled, and often 
myelinated. GFs and NFs are also distinguished by their 
size. The labeled GFs (Figure 5D) measured on average 
8.4 nm in width, appropriately ~76% of the diameter of 
NFs (Peters et al., 1991) in the same field. 

The synaptic unit in the IGL is the glomerulus: incoming 
large, mossy fibers synapse on small dendrites from multi- 
ple GC neurons. When sliced transversely, as in an EM 
section, dendrites usually look like small, occasionally 
elongated, ovals containing a single mitochondrion and 
often a single ER vacuole, around which a mossy fiber 
envelops (Eccles et al., 1967; Palay and Chan-Palay, 
1974). Figure 6A, obtained from the cerebellum pictured 
in Figures 1 F and 1G, offers a low powered electron micro- 
graph of a labeled, transplant-derived GC neuron (LGC). 
Near it (blocked area) are a number of synapses, indicated 
by arrows in the higher power overview of that region (Fig- 
ure 6B). Further magnification of the blocked areas in Fig- 
ure 6B (Figures 6C and 6D) demonstrate oval GC den- 
drites (gd) with label precipitate (p), which, as in the cell 
bodies, respects membrane boundaries (compare with 
Figure 4B, inset). Endogenous, unlabeled, multi-vesicle- 
filled mossy fibers (mf) synapse on them (arrows). The GC 
dendrites also make adhesive contacts ("puncta adher- 
entia") (Figure 6C, arrowheads) (Palay and Chan-Palay, 
1974) with other GC dendrites. Evidence of synapse for- 
mation was seen in several other areas within this en- 
grafted animal. 

Identity of Proviral Integration Site 

Up to this point, identification of donor cells was by virtue 
of the X-gal histochemical reaction. Escape of the BAG 
genome from donor cells or contamination of the mice with 
BAG virus derived from any source could lead to infection 
of endogenous host cells and subsequent misidentifica- 
tion of host cells as donor cells. Therefore, several steps 
were taken to confirm that the X-gal + cells were donor 
derived. First, multiple tests for production of BAG virus 
by the donor cells were negative in all lines used for trans- 



plantation. Second, we sought to identify a unique genetic 
tag for donor cells that would allow confirmation that the 
blue cells within a recipient cerebellum were indeed donor 
derived. This was done by recovery of the sequence at the 
viral integration site in cell line C27-3 by an inverse PCR 
(see Experimental Procedures). Oligonucleotides comple- 
mentary to stretches of sequence constituting the integra- 
tion site were synthesized to serve as primers in direct 
PCR against opposing primers within the LTR. When the 
reaction was performed on genomic DNA from the C27-3 
cell line, fragments of predicted size were obtained using 
all possible primer pairs. These products were specific 
for C27-3; amplification products were not obtained using 
genomic DNA from non-clonally related, BAG-infected 
cell lines generated from the same primary culture that 
generated C27-3. From the three recipient cerebella pic- 
tured in Figures 1G, 2A-2D, and 2E-2F, multiple pieces 
of tissue, each containing 1 -20 blue cells, were dissected 
from diverse regions, digested with proteinase K, and sub- 
jected to PCR. When the amplification products were ex- 
amined by electrophoresis, tissue containing blue cells 
yielded fragments of the predicted size, identical to that 
from the C27-3 cell line. Ninety percent of samples con- 
taining blue cells (27/30) successfully amplified. The 1 0% 
of samples that failed to amplify (3/30) contained only 1 
blue cell each. Samples containing only 1 blue cell ampli- 
fied 57% of the time (4/7), an efficiency in keeping with 
that observed for single BAG-infected cells dissected from 
rodent cortex (C. Walsh and C. L. Cepko, unpublished 
data). Lanes that contained either no tissue, cerebellar 
tissue from a littermate in which engraftment failed (i.e., 
no blue cells), or tissue from an uninjected cerebellum 
usually demonstrated no amplification product (Figure 7). 
The rare falsely positive samples (2/24 or 8.3%) presum- 
ably resulted from cross-contamination, a common finding 
when high cycle numbers are used in PCR. 

Discussion 

Stable Engraftment of Retrovirally 
Immortalized Lines 

A number of studies recently have demonstrated that 
transplanted primary neural tissue, usually of fetal origin, 
can become successfully engrafted in host parenchyma 
(reviewed in Gage and Fisher, 1991). Some of these stud- 
ies have addressed developmental questions-e.g., do 
grafted cells follow an autonomous program or do they 
accommodate to their new surroundings (Sotelo and 
Alvarado-Mallart, 1986, 1987; McConnell, 1985, 1988; 



(C) Labeled glial cell (oligodendrocyte). Labeled oligodendrocyte (LO) present in the IGL displays the defining ultrastructural features that distinguish 
it from nearby granule cell neurons (gc) (see text). Specifically, there is a distinctively dark cytoplasm (c) that collects at the poles of the cell, a dark 
nucleus, a prominent nucleolus located near centrally clumped chromatin (arrow) with the remainder of the chromatin marginated as a rim along 
the inner nuclear membrane. Label is present in the nuclear membrane and in the long meandering ER (arrowhead). The cell is adjacent to a 
myelinated fiber (m). Scale bar, 1 nm. Compare with (E). olig, oligodendrocyte; gr, granule cell. 

(D) Labeled glial (astrocytic) process containing GFs. A process bearing label precipitate (p) also contains GFs, which define that process as glial 
(astrocytic). (The process lies adjacent to the cytoplasm of labeled glial cells that border it on both sides and that themselves contain precipitate 
in ER and near poorly fixed mitochondria.) The GFs average 8.4 nm in diameter. Their distinctive appearance and size are discussed in the text. 

(E) For comparison with (C), an endogenous IGL oligodendrocyte and granule cell are reproduced (with permission) from the textbook of Palay and 
Chan-Palay (1974) (their Figure 266). 
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Figure 7. Blue Cells within a Recipient Cerebellum Bear the Same 
"Genetic Tag" As the Donor Cells 

As detailed in the text, oligonucleotides complementary to portions of 
flanking sequence served as one-half of a set of primers for a PCR 
against opposing primers within the LTR. This gel shows the amplifica- 
tion products obtained following nested PCR using first primers #1 and 
#26 and then primers #2 and #21 (see Experimental Procedures). 
The arrow marks 104 bp, the predicted size of products following the 
second amplification; the left-most lane contains molecular weight 
standards obtained from an Mspl digest of pBR322. Amplification prod- 
ucts of the predicted size were obtained using genomic DNA from the 
C27-3 cell line (lane 1) but not from C1 7-2 (lane 2) or C36-4 (not shown). 
Cerebellar tissue from two C27-3 transplant recipients containing blue 
cells (the animal in Figures 1F and 1G, lanes 3-6, and the animal In 
Figures 2E and 2F, lanes 7-10) also yielded amplification products of 
the predicted size, identical to that from the C27-3 cell line (lane 1). 
Lanes that contained tissue from an uninjected cerebellum demon- 
strated no amplification product (lanes 11-14). Blue cells from the 
animal in Figures 2A-2D yielded amplification products identical to 
those in lanes 3-10, Lanes that contained tissue from a littermate in 
which engrafiment failed (i.e., no blue cells) demonstrated no amplifi- 
cation product (not shown). 'Shadow bands" as seen in the lane with 
genomic DNA from the C27-3 cell line (lane 1 ) do not appear when only 
45 cycles of unnested PCR are performed with primers #2 and #21 
alone (not shown). 



Stanfield and O'Leary, 1985; O'Leary and Stanfield, 1989; 
Lund et al., 1987). Reconstitution of lost function has also 
been achieved through transplantation, using either pri- 
mary fetal- or tumor-derived tissue (Barry et al., 1987; 
Isacson et al., 1986; Gage et al., 1983; Fisher et al., 1991 ; 
Bjorklund et al., 1982; Buzsaki et al., 1988; Rosenberg et 
al., 1988;SoteloandAlvarado-Mallart, 1986, 1987; Labbe 
et al., 1983; O'Leary and Stanfield, 1989; Freund et al., 
1985). The transplantation data presented in this article 
and in a recent report by Renfranz et al. (1991) represent 
a demonstration of cytoarchitecturally and, perhaps, func- 
tionally appropriate engraftment by exogenous mamma- 
lian central neural tissue that is neither tumorigenic nor of 
tumor or primary fetal origin. The potential would seem to 
exist for transplanting such lines for repair in lesioned or 
mutant animals or for the transport of genes of develop- 
mental or therapeutic interest into the CNS. Furthermore, 
the techniques for generating transplant material in this 
manner may conceivably someday circumvent concerns 
over the use of primary fetal tissue. However, since prob- 



lems with efficiency of stable engraftment remain poorly 
understood and thus difficult to control, much work re- 
mains prior to the use of such lines for clinical applications. 

Resemblance to Endogenous 
Cerebellar Progenitors 

Following the progeny derived from a single progenitor 
maintained in culture has been useful for defining a range 
of potentials for a subset of neuroblasts (Baroffio et al., 
1988; Temple, 1989). Immortalization and cloning of indi- 
vidual progenitors represents another approach to the 
question of potency. While both approaches suffer from 
inherent limitations, such as removal of a cell from its in 
vivo context, it was hoped that the availability of an unlim- 
ited number of cells derived from a single progenitor would 
offer some advantages over primary cultures. One hope 
was that the act of immortalization would freeze a progeni- 
tor cell in a particular state, providing a source of homoge- 
neous cells that could be manipulated to alter the fate of 
its progeny. However, in this case, as in many others in 
which CNS cells were immortalized, homogeneity has 
been observed only rarely (Ryder et al., 1990; Cepko, 
1988; Evrard et al., 1990; Fredericksen et al., 1988; Bart- 
lett et al., 1988; Birren and Anderson, 1990; Geller and 
Dubois-Dalcq, 1988). Instead, immortalization of single 
progenitors yields clonal lines that are both heterogeneous 
and plastic (i.e., changing over time in culture). Subsets 
of the same line often express both neuronal and glial 
phenotypes concurrently and/or alternate "spontane- 
ously" between the two. It is unclear whether these obser- 
vations are the result of a self-renewing "pool" of uncom- 
mitted precursors responding specifically to changing 
signals or of stochastic changes, perhaps including trans- 
differentiation. 

To determine whether lines are bona fide representa- 
tives of endogenous cells or are simply an artifact, one can 
compare their behavior to that of their counterparts left in 
situ. In situ lineage mapping using retroviral vectors and 
injection of tracers has allowed an examination of the po- 
tency of individual progenitors of the vertebrate CNS. In 
the retina (Turner and Cepko, 1987; Turner et al., 1990; 
Holt et al., 1 988; Wetts and Fraser, 1 988), tectum (Gray et 
al., 1988; Galileo et al., 1990), and spinal cord (Leber et 
al., 1990), individual endogenous neural progenitors were 
found to give rise to multiple neural cell types of both neu- 
ronal and glial phenotype. This assessment was enabled 
by the fact that clonally derived cells in these regions re- 
mained as identifiable clusters into adulthood. The ability 
to extend this technique and its conclusions, however, to 
mammalian CNS as a whole has been confounded by the 
observation of extensive migration of clonally related cells 
in several other regions, including cortex (Walsh and 
Cepko, 1988; Austin and Cepko, 1990), striatum (Halliday 
and Cepko, unpublished data), and, as illustrated here, 
cerebellum. Thus, currently there are no interpretable data 
on the potency of an individual EGL cell in situ, although 
efforts are underway in our laboratory to solve these prob- 
lems (E. F. Ryder and C. L. Cepko, unpublished data). 

However, one can use other methods to assess how 
closely immortalized cerebellar cells resemble primary 



cells in culture and/or differentiated cerebellar cells in situ . 
C27-3, for example, exhibits a number of cerebellar anti- 
gens. C17-2, cocultured with primary astrocytes or with 
the U251 human astrocytoma cell line, has the ability to 
inhibit proliferation and induce differentiation of these cells 
(Weinsteinetal., 1990), ashasbeendescribedforcultured 
primary GCs (Hatten et al., 1986). Both C17-2 and C27-3 
induce neurite outgrowth in cultured primary cerebellar 
neurons (J. R. Madsen, unpublished data). Finally, the 
lines express other cerebellar-specific proteins. En-1 and 
En-2 constitute a murine homeodomain family homolo- 
gous to Drosophila engrailed. En-1 has been localized 
throughout the neuraxis in developing embryos; En-2 is 
restricted to a subset of En-1 + cells specifically in the hind- 
brain of the embryo and, ultimately, the IGL of adult cere- 
bellum (Davis et al., 1988; Davidson et al., 1988; Joyner 
et al., 1991). The lines express these proteins to various 
degrees (A. Joyner, personal communication). All of these 
features suggest that these lines at least resemble primary 
cerebellar tissue. 

An additional way to investigate the authenticity of the 
lines, however, is to demonstrate incorporation of these 
cells into the cytoarchitecture of the appropriate brain re- 
gion at the appropriate host age. When newborn mouse 
cerebella were transplanted with cell lines, it was seen 
that transplanted cells derived originally from the EGL had 
reincorporated into the EGL. At adulthood, cells of these 
lines were observed to have differentiated into multiple cell 
types classically thought to be derived from the EG L (Miale 
and Sidman, 1961; Palay and Chan-Palay, 1974; Altman, 
1 982), including GC and BC neurons as well as glia (oligo- 
dendrocytes and astrocytes). However, since a recent re- 
port (Hallonet et al., 1990) has called into question the 
classical view of the EGL progenitor-progeny relation- 
ships, it is difficult to interpret whether the cell types recov- 
ered after transplantation offer evidence of an EGL cell line 
or of a cerebellar or CNS progenitor with broader potential. 

Comparison with Mature, Endogenous 
Cerebellar Cells 

Although engrafted cells in the first week resemble endog- 
enous EGL cells, at adulthood, many transplant-derived 
GCs appear "plumper" at the light microscopic level than 
their endogenous GC counterparts labeled directly with 
the BAG virus (e.g., Figures 3A and 3B). Processes and 
cytoplasm of transplanted cells appear more "distended" 
with precipitate. We cannot explain this difference in label- 
ing pattern. At the EM level, however, transplant-derived 
cells resembled their endogenous unlabeled cell-type 
counterparts, indicating that they had differentiated into 
GCand BC neurons and glia. The value ofthe transplanted 
lines for addressing developmental and/or clinical issues 
hinges on their functional fidelity to endogenous neural 
cells. EM analysis provided evidence that some trans- 
planted cells that differentiated into ultrastructu rally identi- 
fiable GC neurons developed dendrites that were postsyn- 
aptic to the appropriate presynaptic areas on mossy fibers 
(Figure 6), suggesting functional as well as anatomic inte- 
gration. This is based on the observation that some den- 
drites contained the characteristic X-gal precipitate. The 



X-gal reaction product could theoretically have diffused 
from donor cell bodies onto dendrites of host cells. How- 
ever, the fact that the precipitate was usually membrane 
bound within cell bodies, respected dendritic membranes, 
and was not seen in inappropriate locations (e.g., the pre- 
synaptic mossy fibers) would seem to argue against this 
potential problem. Additional observations of a greater 
number of animals that bear large numbers of engrafted 
cells and thus allow EM analysis of synaptic structures is 
required to confirm and extend these findings. 

The Engrattment Process 

We cannot yet distinguish among several scenarios re- 
garding the nature of the cells that actually engraft. For 
example, engrattment by mitotic, uncommitted progeni- 
tors may produce progeny that differentiate in response to 
position-dependent microenvironmental cues. Alterna- 
tively, committed mitotic progenitors may engraft and pro- 
duce progeny that differentiate following migration. En- 
grattment may also occur by differentiated postmitotic 
cells that migrate to their appropriate loci, or there may be 
a selection by the microenvironment among many postmi- 
totic cells that randomly distribute. Our analyses of ani- 
mals shortly following transplantation suggest that a sce- 
nario in which postmitotic cells are the only cells that 
engraft is rather unlikely. When the animals were exam- 
ined within a few days of transplantation, a relatively small 
number of cells actually seemed to appose the EGL. Fur- 
thermore, a small percentage ofthe inoculum actually inte- 
grated and appeared to migrate. In situations in which 
large numbers of transplanted cells were ultimately seen 
at adulthood, we favor the hypothesis that mitotic cells, 
rather than many postmitotic cells, engrafted, replicated, 
and differentiated in response to particular microenviron- 
mental cues. However, because injections may vary from 
animal to animal, it is possible that animals with large num- 
bers of engrafted cells, by chance, received an inoculum 
that was in some way more efficient with respect to place- 
ment and/or survival of postmitotic cells. Furthermore, 
there is some indication that even cells that express 
differentiation-specific markers, including NF, may con- 
tinue to divide (Ryder et al., 1 990). As efficiency and unifor- 
mity of transplantation increase, these possibilities may 
be better distinguished by paired experiments wherein 
markers or inhibitors of mitotic activity are administered 
to cultures prior to transplantation and the number and 
phenotype of successfully engrafted cells are compared. 

Ruling Out Viral Contamination 

That staining at the microscopic level of transplant-derived 
cells, as well as their distribution, differs from that of cells 
labeled directly by injected virus actually provides some 
evidence that blue cells in transplant recipient brains are 
not due to viral contamination. Further reassurance was 
the demonstration that the viral insertion site in the donor 
cell line was identical to that in blue cells recovered from 
the engrafted animals. In addition, multiple tests for pro- 
duction of BAG virus by C27 and C1 7 were run and found 
to be uniformly negative. 
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Long-Term Expression of an Exogenous Gene 

Implicit in these studies is evidence for successful expres- 
sion of an exogenous gene (/acZ) following incorporation 
of transplanted neural tissue. In some cases, expression 
could be demonstrated after 22 months (e.g., Figures 1F 
and 1G; Figures 4-6). While histochemistry allows us to 
infer positive expression in blue cells, we cannot rule out 
the possibility that some "white" cells are also transplant 
derived but fail to express the lacZ gene at levels detect- 
able using the X-gal histochemistry. White cells appear 
within dishes of clonal tecZ* cells spontaneously over time 
in the culture and appear to correlate with lack of expres- 
sion from the viral LTR (S. Fields-Berry and C. L. Cepko, 
unpublished data). One interpretation of the higher appar- 
ent engraftment rate after short survival (56%) vs. long 
survival (8%) is that inactivation of p-galactosidase expres- 
sion occurs at a significant frequency over time. Of course, 
alternative explanations, such as cell death, may also per- 
tain. The availability of a genetic tag detectable by PCR 
will allow for an independent test of whether the cells are 
indeed present, but undetectable by X-gal histochemistry. 
The recent availability of an alternative marker gene that 
shows less loss of expression in culture may also circum- 
vent the problem (e.g., alkaline phosphatase [Relds-Berry 
et al., 1992]). 

myc Expression In the Cerebellum 

The proto-oncogene c-myc is expressed in mouse cere- 
bellar neurons at different levels during different devel- 
opmental stages (Ruppert et al., 1986). It appears that 
progenitor cells accumulate c-myc message during prolif- 
eration and/or in preparation for differentiation. Down- 
regulation of myc expression is correlated with differentia- 
tion (Griep and Westphal, 1 988; Morse et al., 1986). While 
it is obvious that tumors do not form, we do not know 
whether v-myc continues to be expressed following trans- 
plantation and differentiation of C27-3 or C1 7-2. However, 
studies in other systems (La Rocca et al., 1989; Palmieri 
et al., 1983) indicate that interaction of v-myc-transformed 
cells with normal cells in mixed cultures suppresses the 
transformed phenotype. In these cases, proliferation is 
suppressed and reexpression of the differentiated cellular 
program occurs, even without down-regulation of v-myc 
expression. Our experiments wherein cerebellar cell lines 
were cocultured with primary cerebellar cells seem to re- 
produce this phenomenon. The same phenomenon may 
occur in vivo following transplantation. Future studies will 
seek to determine the extent of v-myc expression in en- 
grafted cells. 

Future Directions 

The potential of C27-3 and C1 7-2 can be further explored 
using a variety of transplantation recipients and protocols. 
The availability of murine mutants with specific cell-type 
deficiencies in the cerebellum will allow an additional test 
of the competence, potential, and fidelity of these lines via 
complementation experiments. Since the present studies 
did not examine whether these cells are committed or re- 
stricted to cerebellar fate, examination of engraftment of 



lines in regions and at developmental periods other than 
those from which they were generated are being carried 
out to allow an assessment of this property. Preliminary 
evidence indicates that these lines may engraft in regions 
of the CNS outside the cerebellum (E. Y. Snyder, S. A. 
Arnold, and C. L. Cepko, unpublished data). Whether 
genes of reportedly site-specific expression are expressed 
by these lines in new locations might help to test hypothe- 
ses that hold that specification of the spatial domains of 
different cell populations during CNS development pro- 
ceeds by the progressive expression or loss of expression 
of various regulatory genes. Availability of engraftable 
lines that can be stably transduced with exogenous genes 
and presumably manipulated by homologous recombina- 
tion techniques to achieve other alterations of regulatory 
genes may facilitate functional tests of these regulatory 
events. 

Experimental Procedures 
Propagation of Cerebellar Cell Line* 

Cerebellar cell lines were generated as previously described (Ryder et 
al., 1990). Lines were grown in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal calf serum (Qlbco), 5% horse serum 
(Gibco), and 2 mM glutamine on poly-L-lysine (PLL) (Sigma) (10 ug/ 
ml)-coated tissue culture dishes (Corning). (While the lines grew well 
on uncoated tissue culture dishes, the most successful differentiation 
and subsequent engraftment may be associated with prior plating on 
a PLL substrate.) The lines were maintained in a standard humidified, 
37°C, 5% COr-air incubator and were either fed weekly with one-half 
conditioned medium from confluent cultures and one-half fresh me- 
dium or split (1:10 or 1:20) weekly or semiweekly into fresh medium. 
Changes in brand of tissue culture plastic, type of substrate coat, 
and type and concentration of serum might change the phenotypes 
displayed by the lines. Lines appeared to engraft most successfully 
when, prior to transplantation, they: were in an active growth phase; 
yielded process-bearing cells; displayed Immunocytochemical neural 
cell type-specific markers (e.g., NF and/or GFAP); and, for purposes 
of detection, when they had >50% of their cells positive with X-gal. 

Immunocytochemlstry 

The markers routinely chosen were those that have been well- 
associated with differentiated neurons- NF (Wood and Anderton, 
1 981 ; monoclonal antibody 8A1 , courtesy of C. Barnstable) -and with 
differentiated glial cells- galactocerebroside C for oligodendrocytes 
(Raff et al., 1978; hybrkJoma supernatant courtesy of B. Ranscht) and 
GFAP for astrocytes (Bignami et al., 1972; monoclonal antibody from 
Boahringer). Dilutions of NF (1 : 1 00) and GFAP (1 :4) were in Dulbecco's 
modified Eagle's medium supplemented with 10% goat serum, 0.3% 
Triton X-100, and 0.05% azide; anti-galactocerebroside C hybridoma 
supernatant was used undiluted. The secondary antibody was flu- 
orescein- or biotin-conjugated goat a-mouse. A monoclonal antibody 
directed against an irrelevant antigen served as a negative control for 
nonspecific staining. Immunofluorescence methodology was outlined 
in Ryder et al, (1990). When immunoperoxidase or immunoalkaline 
phosphatase staining was desired, the ABC kit and procedures from 
Vector Laboratories were used (Fields-Berry et al., 1992). For staining 
of tissue sections, tissue was first dehydrated through graded alcohols 
and xylenes, embedded in paraffin at 60°C, sliced into 1 urn sections 
on a Reichert-Jung Biocut microtome, transferred to heated (60°C) 
1%-3% gelatin-coated slides, deparaffinized and rehydrated through 
reverse-graded xylenes and alcohols, and stained for immunocyto- 
chemistry as for cultured cells using the immunoperoxidase or immu- 
noalkaline phosphatase method. If double labeling of X-gal* cells and 
cell type-specific markers was desired, the X-gal reaction was per- 
formed first on gluteraldehyde-fixed tissue, prior to embedding in paraf- 
fin. To examine isolated, individual cells from a 1 »m tissue section 
that had been analyzed immunohistochemically, the section was me- 
chanically dissociated by "squashing," i.e., placing gentle but firm, 
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concentrated pressure on the portion of coverslip overlying the section , 
in planes both perpendicular and parallel to the section. 

Transduction of Cerebellar Progenitor Lines with facZ Gene 

A recent 1:10 split of the cell line of interest was plated onto 60 mm 
tissue culture plates. Between 24 and 48 hr after plating, the cells were 
incubated with the replication-incompetent retroviral vector BAG (1 0"- 
10' colony-forming units [cfuj/ml) plus 8 |ig/ml polybrene for 1-4 hr. 
Cells were then cultured in fresh feeding medium for approximately 
3 days until they appeared to have undergone at least two doublings. 
The cultures were then trypsinized and seeded at low density (50-5000 
cells on a 100 mm tissue culture dish). After approximately 2 weeks, 
well-separated colonies were isolated by brief exposure to trypsin 
within plastic cloning cylinders. Colonies were plated in 24-well PLL- 
coated CoStar plates. At confluence, these cultures were passaged to 
60 mm tissue culture dishes and expanded. A representative dish from 
each subclone was stained directly in the culture dish using X-gal 
histochemistry (see Price et a)., 1987; Cepko, 1989a, 1989b). The 
percentage of blue cells was counted under the microscope. Sub- 
clones with the highest percentage of blue cells (ideally >90%; at least 
>50%) were maintained, characterized, and used for transplantation. 

Tests for Virus Transmission 

The presence of helper virus was assayed by measurement of reverse 
transcriptase activity in supernatants of cell lines as described by Goff 
et al. (1 981) and by testing the ability of supernatants to infect NIH 3T3 
cells and generate G41 8-resistant colonies or X-gal* colonies (detailed 
In Cepko, 1989a, 1989b). All cerebellar cell lines used for transplanta- 
tion were helper virus-free as judged by these methods. 

Coculture of Neural Cell Lines with Primary 
Cerebellar Tissue 

Primary dissociated cultures of neonatal mouse cerebellum were pre- 
pared as in Ryder et al. (1990) and seeded at a density of 2 x 10 s to 
4x10* cells per PLL-coated eight-chamber LabTek glass or plastic 
slide (Miles). After the cells settled (usually 24 hr), 10% of a nearly 
confluent 10 cm dish of the neural cell line of Interest was seeded, 
following trypsinization. onto the slide. The coculture was re-fed every 
other day and grown in a 5% CCy-air, humified incubator until 8 or 14 
days of coculture. It was then fixed and processed for X-gal histochem- 
istry (detailed in Price et al., 1987; Cepko, 1989a, 1989b). 

Preparation of Cell Lines for Transplantation 

Cells from a nearly confluent but still actively growing dish of donor 
cells were washed twice with phosphate-buffered saline (PBS), trypsin- 
ized, gently triturated with a wide-bore pipette in serum-containing 
medium (to inactivate the trypsin), gently pelleted (1 100 rpm for 1 min 
in a clinical centrifuge), and resuspended in 5 ml of PBS. Washing by 
pelleting and resuspension in fresh PBS was repeated twice, with the 
cells finally resuspended in a reduced volume of PBS to yield a high 
cellular concentration (al least 1 x 10' cells per ul). Trypan blue (0.05% 
[w/v]) was added to localize the inoculum. The suspension was kept 
well triturated, albeit gentry, and maintained on ice prior to transplanta- 
tion to minimize clumping. 

Injections into Postnatal Cerebellum 

Newborn CD-1 or CF-1 mice were cryoanesthetized, and the cerebel- 
lum was localized by transillumination of the head. Cells were adminis- 
tered either via a Hamilton 10 ul syringe with a beveled 33-gauge 
needle or a drawn glass micropipette with a 0.75 mm inner diameter 
and 1 .0 mm outer diameter generated from borosilicate capillary tubing 
(FHC, Brunswick, ME) by a Flaming Brown Micropipette Puller (Model 
p-87, Sutter Instruments) using the following parameters: heat 750, 
pull 0, velocity 60, time 0. Best results were achieved with the glass 
micropipette. The tip was inserted through the skin and skull into each 
hemisphere and vermis of the cerebellum where the cellular suspen- 
sion was injected (usually 1-2 ul per injection). Typically, the following 
situation existed: 1 x 10' cells per ml of suspension; 1 x 10* to 2 x 
1 0* cells per injection; one injection in each cerebellar hemisphere and 
in the vermis. Importantly, the cellular suspension, maintained on ice 
throughout, was gently triturated prior to each injection in order to 
diminish clumping and to keep cells suspended. 
The Injection of BAG virus was performed as described for the cell 



suspension. The BAG virus stock (8 x 1 0' G41 8-resistant cfu/ml) con- 
tained, in addition to trypan blue, polybrene at 8 ug/ml. 

Processing of Tissue for (3-Galactosidase Histochemical 
Detection by Light Microscopy 

Mice were killed by barbituate or ketamine overdose and perfused first 
with 10 ml of PBS (pH 7.3), MgCfe (2 mM), EGTA (2 mM) followed by 
30 ml of 2% paraformaldehyde in 0.1 M PIPES buffer (pH 6.9), MgCI, 
(2 mM), EGTA (2 mM) for over 30 min. B-Galactosidase activity was 
detected by incubation of the tissue in 5-bromo-4-chloro-3-indoyl B-r> 
galactoside (X-gal) as detailed in Cepko (1 989a. 1989b). Cellular loca- 
tion and morphology In tissue sections were enhanced as needed 
with Nomarski optics permitting reliable cell-type identification within 
cerebellum (Palay and Chan-Palay, 1974). 

Electron Microscopy of Tissue Reacted for 
X-Gal Histochemistry 

Processing of tissue for X-gal histochemistry was as previously de- 
scribed (Cepko, 1 989a, 1 989b), except that all fixation of experimental 
tissue, including the fix for perfusion of animals, was performed with 
a modified Kamovsky's Fixative (2% paraformaldehyde, 2.5% glutaral- 
dehyde, 4. 1 % sucrose in PIPES) without the addition of detergents but 
with MgCI 2 (2 mM) and EGTA (2 mM). Rather than embedding frozen 
tissue in OCT embedding compound for cryostat sectioning, the tissue 
was sliced into 100 urn coronal sections using a Mcllwain tissue chop- 
per (Brinkman) or into 0.2-0.5 mm parasagittal sections under a dis- 
secting scope using razor blades. These tissue slices were processed 
as floating sections using X-gal histochemistry. It was possible, under 
these conditions, to obtain adequate staining of labeled cells with no 
background if embedded as soon as possible (within 3 days). The cells 
were located under a dissecting scope (50 x), and the appropriate 
tissue slice was selected for further processing for electron micros- 
copy, using standard techniques. Briefly, the tissue was reacted with 
1% osmium tetroxide in PBS (w/v), washed well in PBS followed by 
distilled water, stained en bloc in 1% uranyl acetate in distilled water 
(w/v), dehydrated through graded alchohols, exposed for 10 min to 
propylene oxide and to propylene oxide plus accelerated (DMP-30) 
epon-araldite (1 : 1 ) for a length of time from 1 5 min to overnight (shorter 
times optimal), and embedded in accelerated epon-araldite from 
which ultrathin sections were cut and transferred to Formvar-coated 
slot grids. (Multiple absolute ethanol washes was an alternative dehy- 
dration technique.) The grids were not further reacted with lead citrate 
or uranyl acetate. They were observed on a Joel 1 000C electron micro- 
scope, and photomicrographs were taken at 60 kv and spot size 1 
with the smallest objective aperture. The X-gal reaction product (a 
5-bromo-4-chloro-3-indoyl precipitate) examined in this fashion was 
electron dense, allowing identification of transplanted cells (Bonnerot 
et al„ 1987). Cells were evaluated only if they contained label that 
was confined to subcellular organelles and/or respected membranes. 
Excellent fixation is required to identify postsynaptic specializations on 
GC dendrites. One of the 4 positive animals examined ultrastructurally 
(Table 1) met this criterion, permitting the successful identification of 
synapses. Fixation in the remaining 3 animals was inadequate to as- 
sess the presence or absence of synapses. To measure the width of 
such intermediate filaments as GFs and NFs, fibers were magnified 
to the equivalent of 74,000 x, printed on photographic paper, and 
measured directly. As an internal control for calibration error within the 
microscope, the populations of GFs and NFs measured were from the 
same negative. The average width of GFs was 8.4 nm (expected: 8-9 
nm); the average width of NFs was 11.1 nm (expected: 10-12 nm), 
values acceptable within the 10%-20% calibration error of the micro- 
scope. The width ratio of GFs to NFs was within the expected 70%- 
80% range, verifying Internal consistency. 

Determination of Integration Site in Engrafted Cells 
by the PCR 

Genomic DNA from the cell line C27-3 was prepared by standard 
techniques (Maniatisetal., 1982). Because the integrated provlral LTR 
contained no recognition sites for Taql, digestion with Taql endonucle- 
ase yielded fragments that included the LTR and unique portions of 
the host flanking sequences. DNA fragments were then ligated Into 
circles using T4 DNA ligase (New England BioLabs) at a final DNA 
concentration of 1 ng/ul In ligation buffer. The DNA (10 ng) was then 
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amplified by an "inverse PCR" (Ochman et al„ 1988): the ligated DNA 
circles were relinearized by digestion with Xbal (New England Bio- 
Labs), which cuts once in the LTR, and the fragments were then ampli- 
fied using two oppositely oriented oligonucleotide primers within the 
LTR on opposite sides of the Xbal site (primer #21 : TCTCCTCTGAGT- 
GATTGACTACCCGTCAGC; primer #22: TGATCTGAACTTCTCTC- 
TATTCTCAGTTATGT). The amplified fragment was sequenced fol- 
lowing introduction into the Mp18 site of an M13 cloning vector 
(Pharmacia), and the flanking sequences were identified. Two oligonu- 
cleotides of 27 bp, complementary to portions of this now known flank- 
ing sequence and progressively closer to the LTR, were synthesized 
on an Applied Biosystems Oligonucleotide Synthesizer (primer #1: 
GGCACTAACTTTTCTTCCTCCCAGTGG; primer #2: GAGCAGGTG- 
CAGGATTCTGATTTCACG). These served as one-half of a set primers 
for subsequent direct nested PCR against opposing primers within the 
LTR (primer #21: sequence as above; primer #26: AGTTGCATCC- 
GACTTGTGGTCTCGCTGTTC). 

After histochemical processing of a transplant recipient's cerebel- 
lum for X-gal* cells, small pieces of tissue, each containing 1-20 blue 
cells, were dissected from various regions and transferred to separate 
wells of a Falcon Microtest III Flexible Assay Plate, containing 10 ul of 
a mixture of 200 ng/ml proteinase K, 0.5% Tween 20, 1.5 mM MgCl 2 , 
50 mM KCI, and 10 mM Tris buffer (pH 8.3). After incubation at 65'C 
for 30 min, the protease was inactivated at 85°C for 20 min. The 
following were then added: PCR buffer (1.2 mM MgCb. 10 mM Tris 
buffer (pH 8.3), 50 mM KCI), deoxyribonucleotides (final concentration, 
200 urn each), 0.5 U of Taq DNA polymerase (Cetus), and 1 uM each 
of a pair of oppositely oriented oligonucleotide primers (one in the 
flanking region (primer #1], the other within the LTR [primer #26]). 
Following 45 cycles of PCR amplification (1 cycle consisted of 94°C 
for 45 s, 60°C for 45 s, and 72°C for 2 min), a 5 til aliquot from each 
of the first reaction products was used in a second PCR amplification 
(25-35 cycles) employing a second set of oligonucleotides internal to 
the first (a "nested amplification") (primer #2 and primer #21) (Mullis 
and Faloona, 1 989). Samples of genomic DNA from the cell line served 
as positive controls. Cerebella from littermates in which engraftment 
failed (no blue cells), uninjected cerebella, and samples containing no 
tissue served as negative controls. At least 10 nl of amplified product 
from the second amplification was electrophoresed on a 3% NuSieve- 
1% SeaKern agarose gel plus 1 tig/ml ethidium bromide with Tris- 
acetate-EDTA or Tris-borate-EDTA buffer (as per Maniatis et al., 
1982). Bands of the appropriate size were identified using ethidium 
bromide staining. 
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SUMMARY 

After implantation into the external germinal layer of early 
postnatal cerebellum, primary external germinal layer 
progenitor cells gave rise exclusively to granule neurons. In 
contrast, all major classes of cerebellar cells were observed 
following implantation of embryonic day 13 cerebellar 
precursor cells into the external germinal layer. These 
results suggest that granule cells arise from precursors with 
a restricted potential. In contrast to results with the 
primary external germinal layer population, cell lines 
established from external germinal layer cells, by infection 
with a retrovirus containing the SV40 large T-antigen 



INTRODUCTION 

Current models of vertebrate neural fate specification derive 
from the hematopoietic system, where cell fate is established 
by the proliferation of pluripotent stem cells (Spangrude et al., 
1988; Till and McCulloch, 1961), partial commitment of 
precursor cells to sublineages, amplified division of partially 
committed cells (Metcalfe, 1987), and final differentiation of 
cells within a given sublineage (Nicola and Johnson, 1982; 
Ogawa et al, 1983). Evidence for a hemopoiesis-like model 
for vertebrate neural cells has been obtained in studies on the 
neural crest cell population, including the sympathoadrenal 
sublineage (reviewed by Anderson, 1989). A general role for 
local signals in the establishment of CNS neural identity has 
been inferred from studies on neurological mutant mice 
(Heintz et al., 1993; Sidman, 1972), from CNS precursor cell 
transplantation studies (McConnell and Kaznowski, 1991), 
from the identification of diffusible factors that influence cell 
specification (Jessell and Melton, 1992) and from in vitro 
studies showing that close appositions among CNS precursor 
cells promote precursor cell division and restrict cell fate (Gao 
et al., 1991). 

The cerebellar cortex is perhaps the best studied region of 
the CNS. For nearly a century, all of the cerebellar cell types 
have been recognized and their pattern of synaptic connections 
known. Much of this wealth of information was described by 
Ramon j> Cajal from Golgi studies (191 1), with information on 
the development (Altman and Bayer, 1978; Miale and Sidman, 
1961; Altman and Bayer, 1985), anatomy (Palay and Chan- 
Palay, 1974), fiber tracts (Brodal, 1993) and circuitry (Llinas 



oncogene, gave rise to several cerebellar cell types upon 
implantation. These included granule neurons, one 
subclass of stellate interneurons, Golgi cells, Bergmann glia 
and astrocytes. From these results, we conclude that early 
postnatal external germinal layer progenitors are normally 
fated to a granule cell identity and that expression of the 
SV40 large T-antigen oncogene subverts mechanisms that 
control granule neuron fate. 

Key words: granule neuron, cerebellum, oncogene, cell lines, 
transplantation 



and Hillman, 1 969) of the cerebellum emerging over the past 
several decades. The basic plan of the cerebellar cortex 
includes three layers — two neuronal layers, the Purkinje cell 
layer (PCL) and the internal granule cell layer (IGL), and a 
superficial, plexiform layer, the molecular layer (ML). The 
PCL consists of a single row of Purkinje neurons situated at 
the upper margin of the IGL. The Purkinje neuron is easily dis- 
tinguished by its large cell soma, elaborate, ascending 
dendrites, and single, descending axon. The IGL contains a 
vast number of granule neurons, calculated in the human cere- 
bellar cortex to number 10 11 (Kandel et al., 1991). The 
numerous, small granule neurons elaborate short, radiating 
dendrites in the IGL and project a unique 'T-shaped' axon up 
into the ML. The granule cell axons, termed parallel fibers, are 
densely stacked through the depth of the ML. 

Within each of three cerebellar layers, interneurons can be 
discerned by their location and pattern of neuritic arborization. 
In the ML, as described by Ramon y Cajal (1911), the small, 
stellate interneurons can be seen. There are two subtypes of 
stellate cells, horizontally oriented stellate cells in the most 
superficial aspect of the ML and spiny stellate cells within the 
core and deeper aspect of the ML. In the PCL, the medium- 
sized basket cells radiate long, slender dendrites up into the 
ML and project horizontal axons across the PCL, forming 
dense pericellular baskets around Purkinje cell bodies. In the 
IGL, two types of interneurons can be seen. One, the Lugaro 
cell, is situated just beneath the Purkinje cells, extending long, 
horizontal processes that contact the descending Purkinje cell 
axons. The other, the Golgi cell, projects thin, ascending 
dendrites into the ML, and a thick skirt of axons down into the 
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IGL. In addition to these six types of cerebellar neurons, two 
classes of astroglial cells can be seen - the Bergmann glia, 
located just above the PCL with numerous, radial processes 
coursing to the pial surface, and astrocytes of the IGL. 
Although cerebellar glial cells (Hatten and Liem, 1981) and 
Purkinje cells (Ross et al., 1989) can be readily identified by 
cellular antigen markers, other cerebellar cells are classically 
identified by their size, laminar position and pattern of neuritic 
arborization. 

Among cerebellar neurons, the granule cell presents an 
opportune model for studying CNS neuronal specification. 
Unlike the other five cerebellar neurons, the granule cell arises 
in a displaced proliferation zone, the external germinal layer 
(EGL) (Ramon y Cajal, 1911). Experimental chick/quail 
chimeras provide evidence that, whereas the other cerebellar 
neurons originate from the caudal aspect of the mesen- 
cephalon, the EGL arises from the rostral portion of the meten- 
cephalon via a complex series of transverse migrations. The 
distinct origin of the EGL (Hallonet et al., 1990; Hallonet and 
Le Douarin, 1992; Martinez and Alvarado-Mallart, 1989) 
raises the question as to whether granule cell identity is 
specified by regulatory factors, localized to the superficial 
germinal zone. In vitro studies with purified EGL precursors 
support the conclusion that the close apposition of granule cell 
precursors within the EGL restricts the fate of these progeni- 
tor cells to a granule cell identity (Gao et al., 1991). In the 
present study, we have further examined whether the EGL 
provides local signals that restrict precursor cells to a granule 
cell identity, by re-implanting labeled EGL precursors into the 
EGL and examining their laminar positioning and neuritic 
arborization after short survival times (1-7 days). 

Another general approach to understanding the control of 
neural fate is to study progenitor cells immortalized by 
oncogene transfer. Although experiments in non-neuronal 
systems, including the hemopoietic system (Klinken et al., 
1988), have cautioned against the use of immortalized cells in 
lineage analyses, the demonstration that immortalized CNS 
neuronal precursors would incorporate into developing brain, 
and differentiate into identifiable cell classes has suggested that 
immortalized CNS cells provide a convenient means of 
studying developmental processes in brain (for reviews see 
Cepko, 1988; Lendahl and McKay, 1990). However, as 
previous CNS cell lines have been generated by immortalizing 
a mixture of progenitor cells (e.g. Renfranz et al., 1992), it has 
not been possible to assess the effects of oncogene expression 
on the specification of the primary cell of a given CNS sub- 
lineage. 

In the current study, we transferred the tsA58 allele of the 
SV40 large T antigen oncogene into purified early postnatal 
EGL precursor cells and compared the development of primary 
EGL cells with infected cells both in vitro and in vivo. To 
compare the fate of the cells, we implanted primary EGL cells 
and immortalized EGL cells into cerebellar EGL on postnatal 
day 6. After implantation, whereas primary EGL cells gave rise 
exclusively to granule neurons, immortalized cells gave rise to 
granule neurons, stellate interneurons, neurons and astroglia. 
In the same transplantation assay, precursor cells taken from 
the cerebellar primordium on embryonic day 13 (El 3) 
generated Purkinje neurons, interneurons, granule neurons and 
astroglia after implantation into the early postnatal EGL. These 
results indicate that whereas El 3 cells show multiple fates, 



early postnatal EGL cells have a restricted potential, giving rise 
only to granule neurons. The control of precursor cell potential 
is apparently subverted by the expression of the SV40 large T- 
antigen oncogene as immortalized cells generate multiple 
programs of cell differentiation. 



MATERIALS AND METHODS 

Preparation of early postnatal EGL precursor cells and 
astroglia and of embryonic day 13 cerebellar cells 

The present experiments were carried out with primary cells from 
C57Bl/6j mouse cerebella harvested on the 5-6 postnatal days (P5- 
P6). EGL cells were purified as described previously (Gao et al., 1991; 
Hatten, 1985). Astroglial cells were purified from the same prepara- 
tions used to harvest EGL cells, as described by Hatten, (1985). Cells 
from the E 1 3 cerebellar analage were prepared as described by Hatten 
and Sidman, (1978). Briefly, cerebella were incubated sequentially in 
0.08% and 0.25% trypsin in CMF-PBS containing 0.02% EDTA for 
15 minutes at 37°C each., after which soybean trypsin inhibitor (0.05 
mg/ml in CMF-PBS containing 0.05 mg/ml DNase) was added. The 
tissue was then triturated and dissociated into single cells. 

Implantation of EGL cells, astroglia, E13 cerebellar cells 
and Immortalized EGL cells into P6 cerebellum 

Prior to implantation, purified EGL cells, astroglial cells, El 3 cere- 
bellar cells or GC-B6 cells (see below) were labeled with green fluo- 
rescent latex microbeads (Lumafluor, Inc., NJ) in vitro for 1 hour at 
a dilution of 1 :300 in the culture medium. The cells were then washed 
with medium or CMF-PBS for several times, collected in a test tube 
and stained with PKH-26 at a concentration of 4 uM for 5 minutes 
(Zynaxis, Inc.; see Gao et al., (1992)). The labeled cells were then 
washed several times and suspended in DMEM + 9 mg/ml glucose in 
the presence of 20 mM Hepes buffer (pH 7.4). Approximately 25,000 
cells were implanted into the EGL of P5-6 C57Bl/6j mice (Gao and 
Hatten, 1 993). Prior to the cell implantation procedure, P6 mouse pups 
were rendered unconscious by chilling the animals at 4°C for 1-2 
minutes and placed in a Stoelting stereotaxic device fitted with a 
neonatal rat adapter and a vertical holder for a Hamilton syringe 
(Wood Dale, IL). The skin overlying the midbrain and hindbrain was 
rinsed with alcohol, a small incision was made in the skin and the 
Hamilton syringe needle was lowered gently through the incision to 
a position just beneath the meninges Oust above the EGL). The 
animals insensitivity to the surgical procedure was judged by their 
lack of movement. Approximately 1 pi of the cell suspension (2.5x 1 0 7 
cell/ml) was injected slowly on each side of the cerebellum, after 
which the syringe was removed, the skull was rinsed with a solution 
of penicillin-streptomycin (0.25%), and the skin was replaced and 
sealed with Vetbond (Henry Schein Inc). The animal was then 
warmed to 35.5°C and returned to the litter. 

After survival of 1-7 days, animals were anaesthetized with 
ketamine prior to perfusion with 4% paraformaldehyde in 0.1 M 
phosphate buffer (pH 7.4). The cerebella were removed by dissection 
and post fixed in the same fixative prior to being washed in PBS and 
embedded in 3% agar gel. Serial sections (90-100 urn) were cut with 
a vibratome and labeled cells were visualized with epifluorescence 
microscopy using a Zeiss Axiophot microscope fitted with phase 
contrast, Nomarksi and epifluorescent illumination, Plan-neofluor 20x 
and 40x objectives and an Axiophot camera module. 

To examine the extent of PHK-26 dye leakage and re-uptake, we 
double labeled cells with PKH-26 and microbeads and followed the 
incorporation of labeled cells. In a cell sample of several thousand 
cells, we did not observe a cell that was not double labeled, suggest- 
ing that the dye was not transferred from implanted, double-labeled 
cells to endogenous, unlabeled cells. As a further control, we labeled 
primary EGL cells with PKH-26, killed them by freezing and thawing 
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four times at -80°C, and implanted the dead, labeled cells into the P6 
EGL. In those experiments, no PKH-26 labeled cells were seen distal 
to the site of injection, confirming previous findings (Gao et al., 1992; 
Gao and Hatten, 1993; Horan and Slezak, 1989) that the PKH-26 dye 
does not transfer to other cells in intact tissue. 

In some experiments, cells were visualized with an Axiovert 135 
microscope with DIC and epifluorescent illumination, Plan-Neofluor 
20x objective, and a computer-driven (z-axis, Ludl system) stage. 
Images were acquired with a high-sensitivity Biorad MRC-600 
scanning, imaging head controlled with an 80386 host computer with 
scan control and imaging acquisition and analysis system, using two 
detectors for acquisition of simultaneous Nomarksi and fluorescence 
imaging. A 15 mW argon/krypton mixed gas multi-line mode laser 
with lines at 488, 568 and 647 was used for imaging of blue line exci- 
tation (FITC, Rhodamine 1,2,3). Images were stored on an optical 
disk, Ethernet-linked to a Silicon Graphics Iris computer system and 
printed on a Sony U-81 1 Video Printer System. 

Immortalization of EGL cells using retroviral constructs 

Purified EGL cells from P5-6 mouse cerebella were infected with con- 
ditioned medium from psi 2 cells packaging the retrovirus encoding 
tsA58/U19T antigen and neomycin, at a density of 10 7 /ml in the 
presence of 8 ug/ml polybrene (Sigma) in a untreated culture dish. 
The virus-producing cells were kindly provided by R. McKay (NIH). 
After being infected twice (6 hours each time), the virus-containing 
medium was replaced with BME plus 10% horse serum, 5% fetal 
bovine serum, 9 mg/ml glucose, and cells were placed at 35°C for 2 
days then transferred to a polylysine coated dish (500 ug/ml). Several 
days later, cultures were selected in the above medium containing 
G4 1 8 (200 ug/ml). The selection medium was replaced every 2 days, 
and G418-resistant colonies were observed in 2 weeks and picked 
with cloning rings. The clones were then expanded, frozen, subcloned, 
and cultured in DMEM plus 10% newborn calf serum. In the present 
experiments, although similar results were obtained from one of the 
other clones, only the data from subclone GC-B6 were described and 
used for transplantation. 

Immunocytochemistry 

Immunocytochemical labeling of primary EGL cells was as described 
previously (Gao et al., 1991). In the present experiments, GC-B6 cells 
were plated in 16-well lab-tek slides coated with poly-D-lysine (0.1 
mg/ml) (35°C, overnight) in either DMEM plus 10% newborn calf 
serum or serum-free medium (Redu-Ser II from Upstate Biotech Inc.) 
at 39°C for 16-24 hours before being fixed with 4% paraformalde- 
hyde for 30 minutes. The cells were then incubated with antibodies 
against N-CAM (Thiery et al., 1977), kindly provided by Dr Christo 
Goridis (Marseilles), L-l (Rathjen and Schachner, 1984), provided by 
Dr Carl Lagenauer (Pittsburgh), TAG-1 (Dodd et al., 1988), provided 
by Drs Jane Dodd and Thomas Jessell (Columbia), antibodies against 
the glial filament protein (GFAP; Hatten and Liem, 1981), provided 
by Dr Ronald Liem (Columbia), or with monoclonal antibody R24a, 
which is against GD3, generously provided by Dr James Goldman 
(Columbia). Antibodies were applied at 4°C overnight at 1:2-1:1000 
in the presence of 3% normal goat serum, after which the cells were 
washed three times with CMF-PBS, then incubated with rhodamine 
or FITC-conjugated second antibodies (1:100) (Tago, Inc.) for 30 
minutes at room temperature. For cytoplasmic antigens, 0.1% Triton 
X-100 was added to the staining saline. The preparations were then 
mounted in Gel/Mount (Bio-Meda Corp.) and visualized with a Zeiss 
Axiophot microscope fitted with phase contrast, Nomarksi and epi- 
fluorescent illumination and Plan-neofluor 20x, or 40x objectives and 
an Axiophot camera module. 

Co-culture of the immortalized EGL cells with the primary 
EGL cells 

EGL cells were purified (Hatten, 1985) from P5-6 mouse cerebella 
and plated as a monolayer on a poly-D-lysine (500 ug/ml) coated 16- 



well Lab-tek slide (lxlO 6 cells/well) in serum-free medium (Redu-Ser 
II from Upstate Biotech Inc.) for 1 day. The GC-B6 cells were 
removed from the culture dish with trypsin-EDTA (Gibco), labeled 
with PKH-26 (Gao et al., 1992), washed, and plated (3,000 cells/well) 
on the top of the monolayer culture of primary EGL cells at low 
density in serum-free medium. 24-48 hours later, the culture was fixed 
with 4% paraformaldehyde in phosphate buffer (pH 7.4) for 30 
minutes, and mounted in gel/mount (Biomedical Co.). The implanted 
cells were visualized with a Zeiss Axiophot microscope fitted with 
phase contrast, Nomarksi and epifluorescent illumination and Plan- 
neofluor 40x objectives and an Axiophot camera module. 



RESULTS 

Previous in vitro analyses of primary EGL cells in reaggregate 
cultures (Gao et al., 1991; Gao et al., 1992) demonstrated that 
local interactions among EGL precursor cells promote granule 
cell neurogenesis and differentiation. A striking aspect of these 
studies was the finding that proliferating cells in homotypic 
reaggregate cultures had a restricted cell fate, expressing 
cellular antigen markers and morphological features of granule 
cells, but not other classes of cerebellar neurons (Gao et al., 
1991). To examine the fate of purified EGL cells in vivo, we 
double-labeled purified EGL cells with fluorescent microbeads 
and PKH-26, injected them just beneath the pia of P6 animals, 
allowed the animals to survive for short periods of time (1-7 
days), and examined the morphology and location of labeled 
cells in the cerebellar cortex. Using fluorescent and confocal 
microscopy it was found that labeled cells remained at the 
injection site during the first 1-24 hours in vivo, with some 
cells undergoing mitosis in the superficial aspect of the EGL, 
as evidenced by labeled, mitotic figures (not shown). 24-48 
hours after implantation, primary EGL cells, characterized by 
their small (4-6 u.m) size and globular shape, descended into 
the deeper aspect of the EGL, where they extended long fibers, 
100-200 u-m in length, parallel to the surface of the anlage (Fig. 
1A). This sequence of developmental events confirmed the 
hypothesis of Ramon y Cajal, who suggested that granule cell 
axon extension precedes the inward migration of the cell soma 
(Ramon y Cajal, 1911). 

A second stage of development commenced 48 hours after 
implantation, the polarization of the cell soma to extend a 
descending process perpendicular to the plane of parallel fiber 
extension (Fig. IB). Following extension of this descending or 
'leading process' (Edmondson and Hatten, 1987;Rakic, 1971; 
Ramon y Cajal, 1911), many of the implanted cells started to 
migrate along Bergmann glial fibers, requiring approximately 
10-12 hours to reach the internal granule cell layer (IGL). 
During migration, the trailing process of labeled cells 
displayed an ascending 'T-shape' (Fig. 1C), characteristic of 
the granule cell axon. At low magnification, in a coronal plane 
of section, several dozen labeled cells could be seen migrating 
through the molecular layer (ML) and settling in the IGL (Fig. 
ID). All of these cells expressed the morphology described in 
classical studies of Golgi-impregnated tissue (Ramon y Cajal, 
1911). 

After settling within the IGL, labeled cells extended four to 
six, short radiating dendrites, with branched claw-like endings, 
characteristic of mature granule cells. Among the more than 80 
animals injected with several thousand labeled EGL cells each, 
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Fig. 1. Primary EGL cells differentiated exclusively into granule cells after re-implantation into the EGL of P6 mouse cerebellum. (A) 2 days 
after implantation, labeled cells extended long parallel fibers. (B) 3-4 days after implantation, labeled cells extended a descending migratory 
process and began to transit the molecular layer (ML), displayed morphological features of migrating cells (C). 6 days after implantation, 
labeled cells are positioned beneath the Purkinje cell layer, in the internal granule cell layer (IGL). The ascending axon of the labeled neuron 
formed a T-shape' characteristic of mature granule cells. Within the IGL, the cell extended 4-6 short, dendritic processes. (D) At lower 
magnification, all labeled cells in the field showed features of developing granule neurons. Fluorescence microscopy. Bar, 15 um. 



and analyzed by serial sectioning of the brain, more than 99% 
of the cells that underwent differentiation expressed a granule 
neuron identity, positioning their soma in the IGL, forming 4- 
6 short dendrites, and extending an ascending 'T-shaped' 
parallel fiber into the molecular layer. Less than 0.5% of the 
differentiated cells we counted assumed the glial phenotype, 
consistent with the level of contamination of the cell prepara- 
tion with glial cells. No other classes of cerebellar neurons 



were observed after injection of labeled EGL cells (Table 1), 
suggesting that EGL precursor cells were normally fated to a 
granule cell identity. 

By confocal microscopy, approximately 10-20% of the cells 
we injected into the host tissue differentiated as described. The 
same general distributions of cell types, were obtained in each 
of the 80 animals we injected with labeled cells. As a control, 
we implanted labeled, primary astroglial cells purified from 
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Table 1. Differentiation of implanted cells in developing 
cerebellum 

Classes of labeled cells observed 



Cells implanted 






Interneuron 


s glia 


Astroglia 


Primary EGL cells 


99 


0 


0 


<1 


<1 


Primary astroglial 


0 


0 


0 


20-30 


40-60 


cells 












GC-B6 cells* 


5-10 


0 


10-15 


20-30 


10-20 


E13 cerebellar cells 


10-15 


30-40 


10-20 


10-20 


20-40 



Primary P6 EGL cells, P6 astroglia, GC-B6 or E13 cerebellar cells were 
implanted into the EGL on postnatal day 6 as described in the text. After 1-7 
days in vivo, the morphology and position of labeled cells was used to 
classify them as granule neurons, Purkinje neurons, interneurons, Bergmann 
glia or astrocytes. The percentage of dye-labeled cells with the morphology 
and laminar position of specific cerebellar cell types is indicated. 

* Approximately 30% of the implanted cells could not be identified. 



P4-6 cerebellum, identified by their expression of GFAP, into 
the developing cerebellum. Purified glial cells differentiated 
into Bergmann glial cells (20-30%) and astrocytes (40-60%) 
after implantation into P6 cerebellar cortex. None of the 
labeled glial cells we injected differentiated into granule 
neurons or other types of cerebellar neurons (Table 1), sug- 
gesting that glial cell fate was specified prior to P6. 

Implantation of primary E13 cerebellar cells 
generates all major classes of cerebellar cells 

To test whether the early postnatal EGL contains local factors 
that inhibit the development of other classes of cerebellar 
neurons, including the Purkinje cell, we injected embryonic 
precursors of other types of cerebellar cells into the EGL and 
followed their development. As all other classes of cerebellar 
cells are thought to arise from the ventricular zone lining the 
IVth ventricle, between embryonic days 11 and 13 (Airman 
and Bayer, 1985; Miale and Sidman, 1961), we used the E13 
cerebellar anlage as a source of cells. At this age, the anlage 
contains a mixture of postmitotic and proliferating Purkinje 
cell precursors, as well as proliferating precursors of other 
neurons, the emerging EGL, and glial precursor cells. To test 
whether this complex population of cells would generate all 
classes of cerebellar cells if placed in the EGL, we labeled the 
dissociated E13 cells with PKH-26, and injected them just 
beneath the pia of the cerebellar cortex of P6 animals. Implan- 
tation of El 3 cerebellar precursor cells resulted in the appear- 
ance of all cerebellar cell types, including granule neurons with 
ascending, T-shaped axons (Fig. 2A), Bergmann glial cells 
with multiple, slender, ascending processes (Fig. 2B), Purkinje 
neurons with several thick ascending processes and one 
descending axon (Fig. 2C,D), and multiple classes of interneu- 
rons and astrocytes of the IGL and white matter (Table 1). 
Moreover, most of these differentiated implanted, primary 
precursor cells were positioned in the correct layer (Fig. 2). 
Immature Purkinje cells seen after implantation of E13 
precursor cells resembled both young Purkinje cells in the 
process of migration (Fig. 2C) and cells that were settling into 
the Purkinje cell zone (Fig. 2D). 

Among the E13 cells that differentiated after incorporation 
into the early postnatal EGL, approximately 10-15% of the 
cells expressed the features of granule neurons, 30-40% 
resembled Purkinje neurons, 10-20% formed interneurons and 



20-40% astroglia. The granule cells we observed most likely 
originated in the lateral aspect of the E13 anlage, as the EGL 
is just beginning to emerge across the rhomic lip at this age. 
The observation of Purkinje neurons, interneurons and glial 
cells, after implantation of the cells harvested from the E13 
cerebellar anlage suggests that local signals within the early 
postnatal EGL can support the differentiation of precursors of 
all of the principal classes of cerebellar neurons. 

Infection of primary EGL cells with a replication- 
deficient retrovirus containing the tsA58 allele of 
SV40 large T antigen oncogene 

In order to examine the role of oncogene expression in the 
specification of granule cells, we infected purified, granule cell 
progenitors with a retrovirus carrying the ?sA58 allele of SV40 
large T antigen oncogene and the neomycin gene (Renfranz et 
al., 1992). Retroviral transfer was carried out in reaggregate 
cultures under conditions where EGL cell proliferation occurs 
(Gao et al., 1991). As a first step, G418-resistant colonies were 
picked, expanded, and subcloned by standard limited dilution 
methods. Among several dozen clonal cell lines established, 
most generated cells that expressed neuronal antigen markers 
at the non-permissive temperature. We next tested the cell lines 
for their ability to differentiate in co-culture with primary 
neurons (see below) and their ability to rescue weaver granule 
neuron differentiation (not shown). As one of the clonal lines, 
GC-B6, expressed both of these properties of 'normal' granule 
neurons, this line was chosen for further study. As shown by 
immunostaining with a monoclonal antibody against large T 
antigen, all GC-B6 cells showed nuclear labeling of the large 
T antigen, demonstrating expression of the ftA58 allele of 
SV40 large T antigen oncogene in EGL precursor cells (Fig. 
3A,B). 

At the permissive temperature, GC-B6 cells had either a flat 
or bipolar morphology when cultured on a surface treated with 
polylysine, laminin or Matrigel, and expressed low levels of 
neuronal or glial markers (see below). These cells underwent 
rapid proliferation with a cell generation time of approximately 
12-14 hours. Shifting the cells to the non-permissive tempera- 
ture (to allow differentiation) slowed proliferation to genera- 
tion times of 48-72 hours. Although a large number of the cells 
became elongated at 39°C, neurite formation was not evident. 
Addition of growth factors (basic fibroblast growth factor, 
epithelial growth factor, insulin-like growth factor- 1, nerve 
growth factor, brain-derived neurotrophic factor and neu- 
rotrophin 3) or medium conditioned by either granule cells or 
astroglia, did not induce neurite formation (not shown). 
Maximal differentiation, including the extension of slender, 
bipolar neurites, was seen when the cells were plated on a 
monolayer of purified, primary EGL cells (Fig. 4A,B), sug- 
gesting that EGL cells induce differentiation of the GC-B6 cell 
line by a mechanism that involves close cell apposition. This 
is consistent with previous findings on primary EGL cells (Gao 
et al., 1991). 

Immunocytochemical characterization of the expression of 
cellular antigen markers by GC-B6 cells, cultured for 16-24 
hours at the non-permissive temperature to allow differen- 
tiation of the cells, revealed heterogeneity within the popula- 
tion, with a subpopulation of cells expressing the germinal 
zone antigen GD3 (Goldman et al., 1984) (Fig. 3C,D). While 
all of the cells expressed the neuronal cell adhesion molecule 
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Fig. 2. Differentiation of embryonic cerebellar precursor cells after implantation into postnatal cerebellar EGL. (A) An implanted El 3 cell 
differentiated into a cell with the morphological characteristics of a granule neuron, 3 days after implantation. (B) Several implanted cells 
extended multiple, ascending processes toward the pial surface, characteristic of Bergmann glial cells. (C,D) Cells resembling immature 
Purkinje neurons were evident. In C a cell resembling a migratory Purkinje cell, having thick ascending processes and a single, descending 
axon can be seen. D shows more differentiated forms of immature Purkinje cells, resembling those settling in the PC zone. In both cases, the 
cells were differentiating in an outside-in direction, backwards to the usual pattern seen when cells arise in the VZ and migrate inward to 
establish the Purkinje cell layer. Bar, 10 um. 



(NCAM) (Thiery et al., 1977) (Fig. 3E,F), fewer than 5% 
expressed markers for differentiated granule cells, including 
the axonal glycoproteins LI (Rathjen and Schachner, 1984) 
and TAG-1 (Dodd et al., 1988), the neuron-glia ligand astro- 



tactin (Edmondson et al., 1988) (Fig. 3G,H), or the neurofila- 
ment protein (see Table 2). Instead, 20-30% of the cells within 
a given culture expressed the glial filament protein (GFAP), 
while a subpopulation of GFAP+ cells co-expressed the neu- 



rofilament protein. Cells that expressed both neurofilament 
protein and GFAP were process-bearing cells, resembling 
astroglia. Thus, within clonal populations of immortalized 
EGL cells, a range of differentiated marker proteins were 
expressed by the cells in culture. The results with GC-B6 cells 
contrast with previous results on primary EGL precursor cells 
in which cells undergo neuronal differentiation, including 
neurite extension, cell migration in a number of different 
culture systems (Fishell and Hatten, 1991; Gao et al., 1991, 
1992), and express neuronal but not glial cell markers in vitro 
(Gao et al., 1991). 

Twenty-eight cell lines established by immortalizing 
purified EGL cells with retroviruses containing the tempera- 
ture-sensitive large T antigen showed similar immunocyto- 
chemical heterogeneity. Although this was not investigated in 
detail, in the several cases where subcloning of clonal lines was 
carried out, heterogeneous populations of cells resulted. In 
addition, immortalization with El A constructs containing the 
v-myc oncogene gave rise to clones of cells that generated both 
neuronal and glial progeny, as judged by cellular antigen 
marker expression (not shown). 

Immortalized EGL cells have multiple fates after 
implantation into the EGL 

We next examined the fate of GC-B6 cells in vivo, under envi- 
ronmental influences where primary EGL fate was restricted to 
a granule cell identity. As seen for primary cells, 24 hours after 
implantation many of the GC-B6 cells appeared to undergo 
proliferation at the superficial aspect of the EGL. Thereafter, 
GC-B6 cells descended into the deeper layers of the EGL and 
integrated into the host cerebellar cortex. In contrast to the 
primary EGL cells, which generated granule neurons exclu- 
sively, GC-B6 cells differentiated into several types of cells 
(see Table 2). A minority of the cells (5-10% ) were identified 
as granule cells by their globular morphology, extension of 
parallel fibers, migratory profiles, and/or formation of an 
ascending T-shaped axon (Fig. 5A,B). In addition to granule 
neurons, interneurons, including stellate cells in the upper 
aspect of the ML (Fig. 5C) and Golgi neurons (Fig. 5D), could 
be identified by their laminar position and morphology (see 
Introduction). 

A larger number of the immortalized cells, 20-30% of the 
differentiated population, differentiated into Bergmann glia, as 
evidenced by a somata 8-10 urn in diameter, positioned just 
above the Purkinje cell layer, and the extension of multiple 
discrete fibers ascending vertically to the pial surface (Fig. 5F), 
giving the typical 'candelabrum' appearance of Bergmann 
cells. In addition, approximately 10-20% of the implanted cells 
were identified as astroglia within the IGL and the white 
matter, based on morphology and position (Fig. 5E and 
Table 2). 

Although the GC-B6 cells differentiated into multiple types 
of cells after implantation, they did not generate all of the 
classes of neurons seen in P6 cerebellar cortex. Most notable 
was the absence of Purkinje neurons, small stellate cells in the 
deeper layers of the EGL, basket and Lugaro cells. The same 
subset of cells-granule cells, stellate cells of the upper aspect 
of the ML, Bergmann glial cells and astrocytes in the 
IGL-were obtained in each of the injection experiments we 
carried out, totalling more than 25 animals. Approximately 0.5- 
1% of the immortalized cells we implanted incorporated into 
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Table 2. Immunocytochemical characterization of GC-B6 
cells 

Immunopositive 





cells (%) 


°R24atGW) a " tIgenS 


20-30 


Neuronal antigens 




N-CAM 


100 


LI 


0 


TAG-1 


0 


Astrotactin 


5-10 


Neurofilament protein 


2-5 


Glial antigens 




Glial filament protein 


20-30 



Immortalized cerebellar granule cells were plated in 500 Hg/ml polylysine- 
coated 8-well Lab-Tek culture slides (lxlO 4 cells/well) in serum- 
supplemented medium (Gao et aL , 1 99 1 ) for 24-48 hours and were then 
immunostained with the antibodies listed above. 



the host tissue. As stated above, 10-20 times more primary 
cells incorporated into developing cerebellar cortex than did 
immortalized GC-B6 cells. The levels of GC-B6 cell incorpo- 
ration are consistent with the results of Renfranz et al. (1992) 
and Snyder et al. (1992). The incorporation rates of both 
primary and immortalized cells probably underestimated the 
capacity of the cells to integrate into host brain, as we used 
short survival times to chronicle the developmental steps 
followed by implanted cells. 



DISCUSSION 

Granule neurons arise from precursors with a 
restricted potential 

The re-implantation of purified EGL precursors into early 
postnatal EGL provided a test of the role of local signals in the 
EGL to the development of cerebellar granule neurons. In an 
in vivo transplantation assay, cells taken from the cerebellar 
primordium on embryonic day 13 generated multiple fates, 
with each of the major classes of cerebellar cells evident. El 3 
was chosen because it is the time point when precursors of all 
of the principle neuron classes are present (Altman and Bayer, 
1978, 1985) with EGL precursors just emerging across the 
rhombic lip to establish the external germinal layer. The 
demonstration that EGL cells purified in the early postnatal 
period give rise to cells with the laminar position and neuritic 
profile of granule neurons, and not other cerebellar cell types, 
after implantation into the EGL suggests that the fate of EGL 
cells is normally restricted (Fig. 6). Thus granule cells appear 
to arise from precursor cells with a restricted potential. 

The homotypic transplantation experiments support the con- 
clusion that the EGL is normally fated to produce granule 
neurons. This result is consistent with our finding that EGL 
cells have a restricted fate when cultured in homotypic cellular 
reaggregates (Gao et al., 1991) and with studies on chick-quail 
chimeras (Martinez and Alvarado-Mallart, 1989; Hallonet et 
al., 1990; Hallonet and Le Douarin, 1992) showing that EGL 
precursors give rise to granule neurons and not other cerebel- 
lar cell types. The present study extends our previous findings 
by demonstrating that the entire program of granule cell devel- 
opment, including axon extension, laminar position, and 
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Fig. 4. Co-culture of GC-B6 cells with primary EGL cells induces 
neurite formation. GC-B6 cells were labeled with PKH-26 and 
cultured on a monolayer of primary EGL cells for 24 hours in vitro. 
Two cells were seen extending long, slender, bipolar neurites 
characteristic of granule neurons, suggesting differentiation of GC- 
B6 cells on a monolayer of primary EGL cells. (A) Fluorescence 
microscopy and (B) phase contrast microscopy of the same field. 
Bar, 50 urn. 



dendritic development, is realized after re-implantation of the 
cells. These findings do not exclude the possibility that EGL 
precursors would express a different potential after transplan- 
tation to heterotypic brain regions. 

The finding that EGL cells give rise only to granule neurons 
suggests that segregation of this population of precursor cells, 
from the time of their origin in the primordium (Hallonet et al., 
1990; Hallonet and Le Douarin, 1992), and continued prolif- 
eration in displaced germinal zone, sets forth the pattern of cell 
fate restriction leading to a granule cell identity. Interestingly, 
the granule neuron is the only class of CNS neurons to arise 
from a displaced germinal zone, and also the only CNS neurons 



to appear in such extreme abundance, accounting for nearly 
20% of the total neuronal population of human brain (Kandel 
et al., 1991). The vast numbers of EGL cells suggest that these 
cells represent a sublineage of CNS cells that undergo ampli- 
fication after commitment, in a hemopoietic model. In this 
model, granule cell identity would be specified, either at the 
site of origin in the primordium, or during the segregation of 
these precursor cells into an external zone (embryonic days 13 
and 17). Evidence for partial commitment of the cells comes 
from studies on the neurotransmitter uptake systems of EGL 
cells. As early as El 3, EGL cells do not show any ability for 
uptake of GABA, the neurotransmitter system used by other 
cerebellar neurons (Hatten et al., 1983). In the mouse, the 
amplified proliferation of EGL cells occurs between P0 and 
P10 (Miale and Sidman, 1961), when the EGL thickens from 
a thin, unicellular layer to a layer 8-10 cells deep. In vitro 
studies suggest that local signals promote the continued pro- 
liferation of EGL precursor cells (Gao et al., 1991). 

immortalized EGL cells do not show a restricted cell 
potential 

In contrast to the results obtained with primary EGL cells, EGL 
cells infected with retroviral constructs containing the £sA58 
allele of SV40 large T antigen oncogene did not retain a 
granule neuron specification. Our observation that immortal- 
ized cells gave rise to multiple types of cells after implantation 
into the cerebellum (Fig. 6) is consistent with the findings of 
Renfranz et al. (1992), who showed that immortalized prog- 
enitor cells differentiated into a variety of cerebellar cell 
classes after implantation into early postnatal cerebellar cortex. 
This result is also consistent with the results of Snyder et al. 
(1992), who showed that immortalized cerebellar cells can par- 
ticipate in formation of the cerebellum. A major difference 
between the previous studies and the present analysis is that 
we have directly compared the fate of a single class of purified 
CNS primary precursor cells with immortalized precursor 
cells. Our finding that immortalized EGL cells did not express 
the fate seen for their primary counterparts suggests that intro- 
duction of the tsA58 allele of the SV40 large T antigen 
oncogene into EGL precursor cells altered the response of the 
cells to regulatory components needed to specify a granule cell 
identity. 

In spite of the failure of immortalized EGL cells to retain a 
granule cell commitment after implantation into developing 
cerebellar cortex, EGL cell lines should prove useful for a 
number of other experiments, as they express selected features 
of granule cells. These include the ability to differentiate upon 
close apposition with prirhary EGL cells, shown here, and the 
ability to rescue weaver granule cell differentiation (Gao et al., 
1992). Comparison of these and other EGL cell lines might 
also provide insights to the molecular determinants of pluripo- 



Fig. 3. Immunocytochemical characterization of GC-B6 cells. Immunocytochemical staining of GC-B6 cells, grown at the permissive 
temperature in vitro for 16-24 hours, with a monoclonal antibody against large T-antigen (A,B) reveals nuclear expression of the large T 
antigen by all cells in the population. Immunocytochemical labeling of cells, grown at the non-permissive temperature in vitro for 16-24 hours, 
with the germinal zone marker GD3, the monoclonal antibody R24a (C,D) revealed staining of a subpopulation of the cells. Staining of GC-B6 
cells grown at the non-permissive temperature in vitro for 16-24 hours, with antibodies against the neural cell adhesion molecule N-CAM (E,F) 
labeled all cells, and antibodies against the neuron-glial adhesion system astrotactin (G,H) labeled a small number of cells. Thus, although all 
cells expressed the large T antigen and NCAM, more restricted neuronal markers were expressed by a subset of cells within the cell population. 
(A,C,E,G) Fluorescence microscopy. (B,D,F,H) Phase contrast microscopy of paired fields Bar, 50 um. 
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Fig. 5. Immortalized EGL cells differentiated into multiple types of cells after implantation into P6 EGL. (A) 4 days after implantation, one of 
the implanted GC-B6 cells assumed the profile of a migratory granule cell (A), another cell displayed an ascending T-shaped axon, typical of 
granule neurons (B) A GC-B6 cell, shown in C, developed into a stellate neuron, positioned its cell body in the outer third of the molecular 
layer and extended a short tuft of dendrites horizontal to the plane of granule cell migration. (D) A Golgi II-like neuron with a cell soma deep to 
the Purkinje cells and an abundant array of axons descending into the IGL. E shows several cells with astrocytic morphology. F shows a group 
of Bergmann glial cells, each with a 'candelabrum' shape, extending multiple, slender ascending processes to the pial surface. Bar, 25 urn. 



tency versus a restricted fate; to primary EGL cells or other 
CNS cells. 

Effects of SV40 large T oncogene on neuronal fate 
specification 

In previous studies, immortalized CNS cell lines have been 
proposed to represent multipotential stem cells, owing to the 
diversity of cells seen after their implantation into developing 
brain (Renfranz et al., 1992; Snyder et al., 1992). In this model, 
immortalization of the cells is thought to capture cells that have 
entered a neural sublineage, but remain multipotential. As 



these cell lines were generated from a mixture of uncharacter- 
ized progenitor cells, it was difficult to assess the effect of the 
transfected oncogene to cell specification. The present experi- 
ments suggest that, although the cells retain a neural character, 
immortalization subverts the specification of granule cells. The 
most striking feature of the GC-B6 cell line was the odd variety 
of types of cerebellar cells generated after implantation of GC- 
B6 cells. For example, although we observed one subclass of 
inhibitory stellate cells, those located in the upper aspect of the 
molecular layer, we did not observe the more common stellate 
cells seen in deeper aspects of the molecular layer. As the par- 
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Fig. 6. Oncogene expression subverts granule cell lineage 
specification. On postnatal day 6, a variety of factors present in the 
developing cerebellar cortex support cell differentiation (represented 
by squares). When implanted into the EGL of the P6 cerebellar 
cortex, primary EGL precursor cells (stippled circles) are committed 
to a granule neuron fate, proceeding through all of the steps of 
granule cell development seen in vivo. By contrast, immortalized 
EGL cells (hatched circles) give rise to a variety of cell types, 
suggesting they are not committed to a granule cell fate. 

ticular variety of cell types generated by GC-B6 cells have not 
been suggested to arise from a common precursor or even the 
same germinal zone, it seems unlikely that the GC-B6 cell line 
represents a restricted progenitor found in vivo. 

Although the EGL is not inhibitory for Purkinje cell differ- 
entiation, as evidenced by the ability of E13 cells to differen- 
tiate into Purkinje cells following transplantation into the EGL, 
it may not contain local signals required for the specification 
of Purkinje cells (or the classes of interneurons not seen). The 
failure of the GC-B6 cell line to form Purkinje cells after 
implantation into the EGL may therefore be due to the absence 
of Purkinje cell determinants in the EGL zone. It will be inter- 
esting to examine, in future experiments, if transplantation of 
GC-B6 progenitors to the site of origin of the Purkinje neuron, 
the embryonic VZ lining the fourth ventricle, results in the gen- 
eration of a Purkinje cells. This would be in agreement with 
the cortical transplantation studies of McConnell and 
Kaznowksi (1991), showing that environmental cues in the 
cortical VZ influence the laminar fate of neural progenitor cell. 

The interpretation that immortalizing oncogenes subvert 
normal mechanisms of cell fate commitment is supported by 
studies on non-neural cells. In the hemopoietic system, over- 
expression of the \-raf oncogene leads to lineage switching, 
converting B lineage cells, from either lymphomas or 
preleukemic bone marrow cells of E(i myc transgenic mice, to 
macrophages. As the B cell and macrophage lineages are not 
closely related, \-raf expression appears to subvert normal 
mechanisms of lineage specification (Klinken et al., 1988). 
More generally, lineage instability is common among trans- 
formed cell populations. Many tumors, including a tumor which 
is thought to arise from EGL progenitor cells, the medulloblas- 
toma, give rise to multiple cell types in situ (Russell and Ruben- 
stein, 1977). These general features of CNS neural tumors, 
together with our current findings, point to the potential for 
oncogenes to subvert normal cell fate specification. 

The model that emerges from our studies is one where a 



variety of local signals can provide components of a program 
of neuronal differentiation, with primary EGL precursor cells 
showing a restricted response to local signals, having a 
program of gene expression leading to a granule cell identity 
(Kuhar et al., 1993). Our experiments suggest that this is due 
to a prior specification of tiie cells, rather than regulatory 
signals localized to the EGL. This view is supported by the fact 
that all classes of cerebellar cells, including Purkinje cells, 
could develop after implantation into the EGL. What seems to 
be restricted is the response of a given class of progenitor cells 
to a particular environment, with primary cells showing 
restricted responses to local cues for differentiation and immor- 
talized cells showing unrestricted responses (Fig. 6). These 
mechanisms that restrict the response of precursor cells to a 
subset of local signals, i.e. direct them to particular sublineage, 
are critical to the establishment of different cell types in brain. 

At present, the regulation of nuclear transcription in the 
response of any given class of CNS precursors to specific local 
signals in the developing brain remains to be described. The 
general approach presented here, of altering the fate of a 
purified population of CNS cells and then implanting those 
cells into brain to follow specific steps in their development in 
situ, should provide an analysis of the function of genes that 
specify neuronal fate during CNS development. Indeed careful 
analysis of the control of neuronal fate specification of primary 
cells may ultimately lead to the replacement of particular 
classes of neurons in developing or injured brain. 
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The chronic survival and differentiation of the conditionally 
immortalized neuronal cell line, RN33B, was examined fol- 
lowing transplantation into the adult and neonatal rat hip- 
pocampus and cerebral cortex. In clonal culture, differen- 
tiated RN33B cells express p75 NTR and trkB mRNA and pro- 
tein, and respond to brain-derived neurotrophic factor 
treatment by inducing c-fos mRNA. Transplanted cells, 
identified using immunohistochemistry to detect p-galac- 
tosidase expression, were seen in most animals up to 24 
weeks posttransplantation (the latest time point examined). 
Stably integrated cells with various morphologies consis- 
tent with their transplantation site were observed. In the 
cerebral cortex, many RN33B cells differentiated with mor- 
phologies similar to pyramidal neurons and stellate cells. 
In the hlppocampal formation, many RN33B cells assumed 
morphologies similar to pyramidal neurons characteristic 
of CA1 and CA3 regions, granular cell layer neurons of the 
dentate gyrus, and polymorphic neurons of the hilar re- 
gion. Identical morphologies were observed in both adult 
and neonatal hosts, although a greater percentage of p-ga- 
lactosidase immunoreactive cells had differentiated in the 
neonatal brains. These results suggest that RN33B cells 
have the developmental plasticity to respond to local mi- 
croenvironmental signals and that the adult brain retains 
the capacity to direct the differentiation of neuronal pre- 
cursor cells in a direction that is consistent with that of 
endogenous neurons. 

[Key words: neuronal cell line, immortalization, trans- 
plantation, differentiation, hippocampus, cerebral cortex] 

Spontaneous regeneration in the mammalian CNS is limited, so 
injury or disease usually results in permanent loss of function. 
Neural transplantation is one potential therapeutic approach to 
restore function in the injured, degenerating, or aging CNS 
(BjSrklund, 1991; Emerich et al., 1992). Transplanted fetal CNS 
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tissue can integrate within the host brain and promote functional 
recovery in animal models of neurodegenerative disease (Perlow 
et al., 1979; Bjorklund and Stenevi, 1984; Gash et al., 1985; 
Segal et al., 1986; Lindvall et al., 1990). However, the use of 
fetal tissue for transplantation is complicated by logistical, im- 
munological (Seiger, 1985; Widner and Brudin, 1988), and eth- 
ical (Hoffer and Olson, 1991) considerations. Several alternative 
cell types have been used in various transplantation paradigms 
including peripheral neurons (Freed et al., 1981), PC12 cells 
(Jaeger, 1985), and neuroblastoma cells (Gash et al., 1986; Kor- 
dower et al., 1987). However, these cells have not survived or 
have proved tumorigenic. 

An alternative source of donor cells is genetically modified 
cells which can be engineered to secrete specific neurotransmit- 
ters or trophic factors to replace a lost or defective function 
(Gage et al., 1987, 1991). Genetically engineered cells have been 
transplanted after specific CNS lesions and in some cases ame- 
liorate functional deficits (Horellou et al., 1990; Fisher et al., 
1991). However, non-neuronal cells are limited in the extent to 
which they can integrate into the host neuronal circuitry. Several 
approaches to the development of immortalized neuroepithelial 
cell lines of CNS origin have been undertaken (Cepko, 1989; 
Gage et al., 1995; Whittemore et al., 1995). Results from trans- 
planting such cell lines into the neonatal CNS suggest that im- 
mortalized pluripotent cell lines undergo both neuronal and glial 
differentiation that is dependent upon their location in the host 
tissue (Renfranz et al., 1991; Snyder et al., 1992; Gao and Hat- 
ten, 1994). Importantly, the neuronally differentiating cells sent 
projections to appropriate target sites and formed synapses with 
host-derived afferent fibers. A recent study demonstrates that 
engraftment of neural progenitor cells genetically engineered to 
secrete B-glucuronidase corrects the lysosomal storage disorder 
throughout the MPS VII mouse brain (Snyder et al., 1995), but 
this did not require the transplanted cells to differentiate with a 
neuronal phenotype. If immortalized CNS cell lines are to be 
used therapeutically as donor material to replace lost neurons, it 
may be advantageous for specific applications that they are re- 
stricted to a neuronal lineage in vivo. This is of importance in 
allogeneic grafts, as neuronal differentiation of CNS precursor 
cell lines results in down regulation of cell surface molecules 
necessary for recognition by cytotoxic T-lymphocytes (White et 
al., 1994). 

The conditionally immortalized cell line, RN33B, constitu- 
tively differentiates only with neuronal properties and does not 
demonstrate any non-neuronal phenotypes (Whittemore and 
White, 1993). In initial studies, Onifer et al. (1993) demonstrated 
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that at two weeks posttransplantation into the adult rat hippo- 
campus and spinal cord some RN33B cells morphologically dif- 
ferentiated with multiple neuritic processes. In the present study, 
we describe the developmental capacity of RN33B cells and 
their ability to respond to local microenvironmental cues follow- 
ing chronic transplantation into various regions of the adult and 
neonatal CNS. 

Materials and Methods 

Animals and chemicals. Timed-pregnant and adult female Lewis rats 
(175-200 gm) were purchased from Charles River Laboratories (Wil- 
mington, MA). Rabbit polyclonal antisera to P-galactosidase (P-gal) 
was obtained from 5 Prime-3 Prime, Inc. (Boulder, CO); normal rabbit 
serum and Vectastain ABC kits were purchased from Vector Labora- 
tories, Inc. (Burlingame, CA). Fluorescein di-f3-D-galactopyranoside 
(FDG) was purchased from Molecular Probes, Inc. (Eugene, OR). 

Cell culture. RN33B cells were grown at permissive temperature 
(33°C) as described previously (Whittemore and White, 1993). 

Preparation of RN33B cells for transplantation. Prior to transplan- 
tation, undifferentiated RN33B cells were labeled in vitro by retrovirus- 
mediated transfer of the E. colt Lac Z gene as described (Shimohama 
et al., 1989; Onifer et al., 1993). Cells were then incubated with FDG, 
and p-galactosidase immunoreactive (P-gal-IR) RN33B cells enriched 
by fluorescent activated cell sorting (Nolan et al., 1988; Whittemore 
and White, 1993) and expanded. Using this method, over 80% of the 
RN33B cells were p-gal-positive as detected histochemically or im- 
munohistochemically. When roughly 80% confluent, proliferating 
RN33B cells were washed with ice-cold PBS containing 0.5 mM eth- 
ylenediaminetetraacetic acid (EDTA), gently scraped in PBS containing 
EDTA, pelleted at 1500 rpm for 3 min, and resuspended in ice-cold, 
sterile Earl's balanced salt solution (EBSS). The pellets were washed 
twice and resuspended in EBSS at a density of 100.000 cells/uJ and 
stored on ice until use. Only cell suspensions demonstrating greater than 
80% viability, as determined by Trypan blue exclusion, were used for 
transplantation. RN33B cells express RT1.A"* haplotypes at the class I 
major histocompatibility complex (MHC) A locus (White et al., 1994) 
while Lewis rats are RT1.A' (Gill et al., 1987). Thus, these are alloge- 
neic cell transplants. At the conclusion of the transplantation proce- 
dures, the viability of the suspended cells was reassessed and was al- 
ways &70%. For control transplants, a cell suspension of lysed (non- 
viable) RN33B cells of similar density was prepared by five repeated 
cycles of freezing and thawing. 

Transplantation of RN33B cells into adult and neonatal brain. Adult 
rats were anesthetized by intraperitoneal injection of Equithesin (0.3 
ml/100 gm body weight), prepared for surgery, and placed in a stereo- 
taxic instrument (Narishige, Scientific Instument Lab.). Postnatal day 5 
female Lewis rats were anesthetized by placing them on ice for 6 min 
and then maintaining hypothermia during the injection into one hemi- 
sphere using a stereotaxic instrument. After craniotomy, the exposed 
dura was cut over the transplantation site. Each animal received a uni- 
lateral injection of 1.0 u.1 of RN33B cell suspension (10 5 cells) into the 
hippocampus, white matter, and cerebral cortex along one injection 
track in the right hemisphere. The stereotaxic coordinates used were 
initially determined from cresyl violet stained cryostat sections of age- 
matched animals. The transplants were placed 1 .7 mm lateral to midline, 
2.1 mm posterior to bregma, and 2.0 mm below the dura. In adult rats, 
the transplantation site was 3.0 mm lateral to midline, 4.0 mm posterior 
to bregma, and 1.5-3.0 mm below the dura. Stereotaxic coordinates 
were derived according to Paxinos and Watson (1986). Cell suspensions 
were slowly injected with a 10 u.1 Hamilton syringe over a period of 5 
min. The needle was left in place for another 5 min and then slowly 
pulled up. Because of the backflow of some of the cell suspension while 
pulling up along the needle track, the precise number of RN33B cells 
injected into each site was difficult to establish. A total of 38 adults 
and 48 neonates were used (Table 1). No difference was observed be- 
tween transplants into female rats and those into male rats in an earlier 
study (Onifer et al., 1993). 

All surgical procedures were carried out in strict accordance with the 
Laboratory Animal Welfare Act, Guide for the Care and Use of Labo- 
ratory Animals (NIH, DHEW Pub. No. 78-23, Revised, 1978) only after 
review and approval by the Animal Care and Use Committee of the 
University of Miami School of Medicine. 

B-Gal immunohistochemistry. After variable survival times (1, 2, 5, 
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8, 16, and 24 weeks) following RN33B cell transplantation, animals 
were deeply anesthetized, and then transcardially perfused with Ca 2+ - 
free Tyrode's solution followed by a modified Zamboni's fixative con- 
taining 4% paraformaldehyde and 10% picric acid in PBS, pH 6.9. 
Brains were removed, postfixed for 90 min in the same fixative and 
kept overnight at 4°C in PBS (pH 7.4). Brains were blocked for coronal 
sectioning through the transplanted region. Serial 50 u.m sections were 
cut on a vibratome and stored at 4°C in PBS until further processing. 
Floating sections were processed for Pgal immunoreactivity as previ- 
ously described (Onifer et al., 1993). 

Quantitative analysis of the morphological differentiation of trans- 
planted RN33B cells. Every sixth 50 u.m vibratome section through the 
transplant site (12 sections per animal) was processed for p-gal im- 
munohistochemistry. Transplanted P-gal-positive RN33B cells were 
quantified using an image- 1 image analysis system (Universal Imaging 
Corp., West Chester, PA). Sections were observed by light microscopy 
at low magnification (50x) to localize the the integration site of the 
transplant (neocortex, hippocampus, or white matter). A grid, covering 
1.98 mm 1 , was overlaid on the low magnification image of the region 
of interest. Each square was analyzed at higher magnification (200 X) 
to count p-gal-IR cells and assess the degree of morphological differ- 
entiation of detected cells in terms of shape of the cell body, the number 
of processes that these cells extended, and the pattern and orientation 
of these processes. Only labeled cells where a nucleus and a cytoplasm 
could be seen were included in the quantitative analysis. Transplanted 
RN33B cells with sheath-like somas in which a nucleus and cytoplasm, 
but no processes, were seen were classified as undifferentiated. Cells 
with an ovoid or spindle-shaped cell body and £2 processes were clas- 
sified as bipolar, while cells with a3 processes and cell bodies with 
variable morphologies were classified as multipolar. P-gal-IR multipolar 
cells in the neocortex were classified as pyramidal cells if they had 
triangular or ovoid cell bodies and a long apical neuritic process ex- 
tending towards the apical surface and two long basal processes or as 
stellate cells if they had polymorphic cell bodies and four or more long 
processes extending radially from the cell body. The criteria used to 
categorize the labeled cells were based on earlier descriptions of cortical 
cells stained by the method of Golgi (Ramon y Cajal, 1988). In the 
hippocampus, p-gal-IR cells were classified as CA3 pyramidal cells if 
they were located in the pyramidal cell layer of the CA3 region, had 
large, angular cell bodies with abundant cytoplasm that tapered into one 
or two apical processes, a small number of wide basal processes and 
had appropriate structural polarity. Cells were characterized as CA1 
pyramidal cells if they were located in the pyramidal layer of the CA1 
region, had appropriate structural polarity, had small cell bodies, but 
otherwise had charateristics similar to CA3 pyramidal cells. p-gal-IR 
cells located in the granular cell layer that had small round or ovoid 
cell bodies, unipolar neuritic arbors, and lacked basal processes were 
Classified as granular cells. The classification criteria used are based on 
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Figure I. Variable morphologies of P-gal-IR RN33B cells transplanted into the hippocampal formation. Bright-field photomicrographs of B-gal- 
IR RN33B cells in coronal sections of the hippocampus, a, Photomicrograph of the rat hippocampal formation. Abbreviations: fields CA1-3 of 
Amnion's horn (CAI-CA3), granular cell layer (gel), hilar region (H), and the hippocampal fissure (HF). b, A bipolar P-gal-IR RN33B cell (arrow) 
in the stratum lacunosum-moleculare, and undifferentiated P-gal-IR cells (arrowheads), c. Undifferentiated RN33B cells surrounding a blood vessel 
(bv) and lining the lateral ventricle (V), d, Undifferentiated RN33B cells in the stratum lacunosum-moleculare above the hippocampal fissure. {3-gal- 
IR RN33B cells with their cell bodies embedded in the pyramidal layer of CA1 (e) and CA3 (J) had somewhat ovoid or angular cell somas with 
abundant cytoplasm that tapered into an apical process extending through the stratum radiatum (sr) and into the stratum lacunosum moleculare (sl- 
m). In the lacunosum moleculare layer, many secondary and tertiary branches are observed. The basal processes exit from several places along the 
base of the perikaryon into the stratum oriens (sr-o). g, p-gal-IR RN33B cells with ovoid cell bodies embedded in the gel, with processes extending 
from the apical end of the cell bodies. At the base of the cell body, one cell has a fine process extending toward the hilar region, h, p-gal-IR 
RN33B cell body embedded in the pyramidal layer of the subtculum (sub), extending an apical process and two basal processes with multiple 
branches. Scale bars: b,g,h, 50 |Am; c-f, 100 fxm. The age of host and the intervals between transplants and histology are adult and 5 weeks in b 
and d; neonate and 2 weeks in c and e; adult and 8 weeks in /, neonate and 16 weeks in g; neonate and 5 weeks in h. 



detailed descriptions of Golgi-impregnated hippocampal neurons in situ 
(Bayer, 1980; Gahwilar, 1984; Frotscher et al., 1988). 

An estimate of the number and extent of differentiation of the trans- 
planted RN33B cells was made by counting all p-gal-IR cells in alt 
sections processed per animal, and categorizing these cells into the dif- 
ferent cell types by location, morphology, and structural polarity. These 
data were used to calculate the percent of the total cells detected that 
assumed differentiated neuronal morphologies. An exact count of the 
number of surviving RN33B cells can not be made as not all trans- 
planted RN33B cells were p-gal-IR prior to transplantation (•"80% ex- 
pressed p-gal immunoreactivity) and down regulation of p-galactosi- 
dase expression from viral LTRs in vivo may occur (St. Louis and Ver- 
ma, 1988; Palmer et al„ 1991; Onifer et al., 1993). However, similar 
cell suspensions were used for all animals and these quantitative data 
can be used as estimates to compare the effect of the age of the host 
and the survival time posttransplantation on the number of detected 
RN33B cells and the percentage of differentiated cells. 



Results 

Survival of transplanted RN33B cells 
Following transplantation into adult and neonatal CNS, surviv- 
ing RN33B cells were detected using p-gal immunohistochem- 
istry. Even though the cell concentration, volume transplanted, 
and coordinates of transplant were kept constant across experi- 
ments, the number and position of the transplanted RN33B cells 
varied from animal to animal. RN33B cell transplants were 
found in 100% of adult rats that survived for up to 2 weeks. At 
longer posttransplant survival intervals, 4-24 weeks, the effi- 
ciency of successful transplantation ranged from 33-100% (Ta- 
ble 1). RK33B cell transplants were found in 90% of the neo- 
nates that survived for up to 2 weeks posttransplantation. At 
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Figure 2. Variable morphologies of 0-gal-IR RN33B cells transplant- 
ed into the cerebral cortex. Bright-field photomicrograph of 3-gal-IR 
RN33B cells in a coronal section of the cerebral cortex, a, p-gal-IR 
RN33B cell with a pyramidal cell body (arrow), a large apical process 
extending towards the pial surface and branching basal processes. A 
fine process can be seen extending from the basal surface towards the 
white matter. A (3-gal-IR RN33B cell with an ovoid cell body and an 
apical process can be also seen. b. A RN33B cell with a polygonal cell 
body and five divergent branched neuritlc processes, c. Bipolar RN33B 
cells in the corpus callosum. Scale bars: a and b, 50 p.m; c, 1 00 urn. 
The age of host and the intervals between transplant and histology are 
adult and 2 weeks in a; neonate and 16 weeks in b\ neonate and 2 

survival intervals of 5-16 weeks, the efficiency of successful 
transplantation ranged from 40-67%. RN33B cells can survive 
up to 6 months posttransplantation in nonimmunosuppressed, 
histoincompatible adult and neonatal rat hosts (see Fig. 4a,b). 

Morphological classification of transplanted B-gal-IR RN33B 
celb 

Nearly all of the transplanted, RN33B B-gal-IR cells were found 
in the neocortex, subadjacent white matter, and hippocampus, 
although a few cells were also detected in the diencephalon, in 
the lining of the lateral ventricles, or within the meninges over- 
lying the cortical injection site, In the hippocampal formation, 
B-gal-IR cells assumed variable morphologies depending on 
their location within the cellular layers of the hippocampus or 
hippocampal parenchyma (Fig. 1). The cells varied in size and 
shape of the cell soma and pattern of neuritic outgrowth. At 
early time points, undifferentiated p-gal-IR cells with sheath- 



like eel] somas and no processes were found within all regions 
and layers of the hippocampus (Fig. Id) and around blood ves- 
sels (Fig. lc). Other B-gal-IR cells within the lacunosum mo- 
lecular layer, radiat urn layer, and dentate gyrus had bipolar mor- 
phologies (Fig. lb). B-gal-IR cells located in the hippocampal 
fissure and lining the ventricles assumed both undifferentiated 
and bipolar morphologies. Most of the B-gal-IR cells whose so- 
mata were embedded in the pyramidal layer of CA1 (Fig. le) 
or CA3 (Fig. 1/) had somewhat angular cell somas with abun- 
dant cytoplasm that tapered into an apical process extending 
through the stratum radiatum and into the stratum lacunosum 
molecular; many secondary and tertiary branches were seen. In 
addition, basal processes exited from several places along the 
base of the perikaryon and repeatedly branched in the stratum 
oriens. In the granular cell layer of the dentate gyrus, B-gal-IR 
cells displayed a characteristic monopolar, conically shaped field 
of processes extending from the apical end of an ovoid cell body 
to fan out in the host molecular region (Fig. Ig), which is the 
dendritic field of the dentate gyrus granular neurons. In the sub- 
iculum, some B-gal-IR cells also had pyramidal morphologies 
(Fig l/«). 

In the cerebral cortex, B-gal-IR cells that assumed neuronal 
phenotypes were classified as pyramidal-like (Fig. 2a) or stel- 
late-like (Fig. 2b) cells. Some cortical B-gal-IR cells had ovoid 
or pyramidal cell bodies, a large apical process extending to- 
wards the pial surface and branching basilar processes. In some 
cells (arrow in Fig. 2a), a small caliber process extended from 
the basal surface towards the white matter. These processes may 
be axons, since the axons of pyramidal neurons have a smaller 
diameter than their dendrites. Such B-gal-IR RN33B cells were 
dispersed through layers IT— VI of the cerebral cortex. Other 
B-gal-IR cells were polygonal or stellate in form and had four 
or more divergent branched varicose processes extending in all 
directions (Fig. 2b). These cells were few in number, and were 
seen in layer I underneath the pial surface or in layer VI above 
the corpus callosum. In white matter, at all intervals posttrans- 
plantation, B-gal-IR cells were either morphologically undiffer- 
entiated or bipolar, with a spindle-shaped cell body and un- 
branched short processes extending from opposite sides of the 
cell soma (Fig. 2c). No B-gal-IR cells were detected in animals 
that received lysed RN33B cells (data not shown). 

Time course of survival and differentiation ofRN33B cell 
transplants in adult hippocampus 

In the hippocampal formation, B-gal-IR RN33B ceils were found 
within all regions and layers of the hippocampus spanning 1.8- 
2.5 mm (anterior-posterior dimension) and 0.8-1.5 mm (medial- 
lateral dimension) from the injection site. At 1 week posttrans- 
plantation, the majority of B-gal-IR cells were aligned along the 
needle track (Fig. 3a) and assumed undifferentiated morpholo- 
gies. Some of the B-gal-IR cells located in field CA3 exhibited 
some morphological differentiation with ovoid cell bodies and 
an apical process (arrows in Fig. 3b). At 8 weeks posttransplan- 
tation, many of the detected B-gal-IR cells were located in the 
hilar and CA3 region. These cells were morphologically differ- 
entiated with elaborate processes and extensive branching (Figs. 
3c,d). B-gal-IR cells were still detected at 24 weeks posttran- 
splantation (Fig. 4a). The B-gal-IR cells in CA3 pyramidal layer 
had pyramidal cell bodies, extensive apical processes extending 
in the stratum radiatum toward stratum lacunosum-moleculare, 
and basal processes descending into the stratum oriens. 
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Figure 3. B-gal-IR RN33B cells in the adult hippocampus 1 (a, b) and 8 (c. d) weeks posttransplantation, a. Low-power view of the B-gal-IR 
RN33B transplant at 1 week posttransplantation. Many labeled cells are aligned along the needle track {arrowheads) and have undifferentiated 
morphologies, b. Higher magnification of B-gal-IR RN33B cells located in the CA3 pyramidal layer; some cells have ovoid cell bodies and extend 
some apical processes (arrows). Other B-gal-IR cells have undifferentiated morphologies (arrowheads), c. Low-power view of B-gal-IR RN33B 
cells at 8 weeks posttransplantation. Most cells have differentiated morphologies. Some B-gal-IR RN33B cells are located in the CA1 pyramidal 
cell layer (arrowheads) and extend both apical and basal processes. Most of the cells are located in the hilar region (curved arrows) and send out 
extensive processes. Some B-gal-IR RN33B cells are located in the CA3 pyramidal cell layer (straight arrows). Some undifferentiated cells are 
located above the granular cell layer (gel) and below the hippocampal fissure (HF). d. Higher magnification showing B-gal-IR RN33B cells located 
in the hilar and CA3 regions. These cells are morphologically differentiated with elaborate processes and extensive neurilic branching, exhibiting 
structural polarity appropriate for neurons of that region. Scale bare: a and c, 200 jun; b and d, 100 urn. 



Time course of survival and differentiation of RN33B cell 
transplants in adult cerebral cortex 

p-gal-IR RN33B cells were dispersed without order throughout 
the entire thickness of the neocortex (Fig. 5). At 2 weeks post- 
transplantation, the majority of the detected RN33B cells were 
undifferentiated (Fig. 5a,b). However, a few P-gal-IR cells had 
morphologies similar to those of endogenous pyramidal and stel- 
late cortical neurons (arrows in Fig. 5a-/). After survival inter- 
vals of 5 (Fig. 5c,d) and 16 (Fig. 5ef) weeks, some of the 
transplanted RN33B cells remained undifferentiated (arrowheads 
in Fig. 5c,e) or assumed bipolar morphologies. Other B-gal-IR 
RN33B cells differentiated with morphologies similar to those 
of endogenous pyramidal cortical neurons (Figs. 5df). Their 
ovoid or pyramidal cell bodies ranged from 7 to 16 u.m in di- 
ameter, and they had thick apical processes extending towards 
the pial surface of the brain. Snorter branched, basal processes 
extended horizontally (Fig. 5c~f). At 5 weeks posttransplanta- 
tion, more p-gal-IR cells were differentiated than observed at 2 
weeks, but the total number of cells detected appeared not to 
change. Similar results were seen, at 8 and 16 weeks posttrans- 
plantation. 



Quantitative analysis ofRN33B cell transplants in the adult 
CNS 

Morphological criteria described above and illustrated in Figures 
1 and 2 were used to classify B-gal-IR RN33B cells in the ce- 
rebral cortex, hippocampus, and white matter into various cell 
types. Animals were chosen for quantitation based on the fol- 
lowing criteria: (1) evidence of P-gal-IR cells in both hippocam- 
pus and cerebral cortex, and (2) that the entire transplant was 
contained within the sectioned region. To illustrate the quanti- 
tation. Table 2 presents data from a representative neonatal an- 
imal for each posttransplantation survival interval. It shows that 
RN33B cells were counted and classified as different cell types 
depending on the location and the cellular morphology in each 
region. In adults the total number of B-gal-IR cells in the neo- 
cortex and hippocampus did not change with longer survival 
times (up to 1 6 weeks, Fig. 6a). While there was a trend towards 
an increased percentage of differentiated p-gal-IR cells in the 
cerebral cortex and hippocampus with longer survival times 
(Fig. 66), these differences were not statistically significant. The 
percent of maximal morphological differentiation at S weeks 
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posttransplantation was roughly 22% of the cells detected in the 
cerebral cortex and 1 3% of those in the hippocampus. 

Time course of survival and differentiation of RN33B cell 
transplants in neonatal hippocampus 

In neonates, as in adults, p-gal-IR cells were found within all 
regions and layers of the hippocamus spanning 2.4-3.6 mm (an- 
terior-posterior dimension) and 1.1-2.0 mm (medial-lateral di- 
mension). Two weeks posttransplantation, many P-gal-positive 
RN33B cells were detected in the neonatal hippocampal for- 
mation (Fig. la,b). Some p-gal-IR cells in the pyramidal layers 
of CA3 (arrows in Fig. la) and CA1 (arrowheads in Fig. 7a) 
fields had ovoid cell bodies and extended apical processes into 
stratum radiatum and towards stratum moleculare, with basal 
processes into the stratum oriens. However, the majority of 
3-gal-IR cells were undifferentiated. At 5 weeks posttransplan- 
tation, fewer p-gal-positive cells were detected (Fig. 7c,d). but 
more were morphologically differentiated. Figure Id shows an 
example of cells in the CA3 field. Note the morphological dif- 
ferences between P-gai-IR cells that were located in the pyra- 
midal cell layer where most of the cells assumed pyramidal mor- 
phologies, and P-gal-IR cells that were located above or below 
the pyramidal cell layer. These latter cells remained undiffer- 
entiated or assumed bipolar morphologies. By 16 weeks post- 
transplantation, most p-gal-IR cells assumed phenotypes similar 
to neurons at the integration site (Fig. le,f). p-gal-IR cells with 
cell bodies in the granular cell layer were ovoid with several 
processes extending into the host molecular region (small arrows 
in Fig. 7c). Other 0-gaUR cells were located in the hilus and 



CA3 field. Figure If shows a higher magnification of polymor- 
phic (3-gal-IR cells with multiple processes in the hilus (large 
arrows in Fig. 7c) and cells in the pyramidal layer of the CA3 
field with ovoid cell bodies, apical and basal processes, and 
structural polarity appropriate for pyramidal cells of this region 
(arrowheads in Fig. 7c). P-gal-IR cells were still detected at 24 
weeks posttransplantation (Fig. 4b). 
Time course of survival and differentiation of RN33B cell 
transplants in neonatal cerebral cortex 
In the cerebral cortex of neonates, the temporal progression of 
RN33B cell differentiation was similar to that seen in the hip- 
pocampus. At 2 weeks posttransplantation, a large number of 
P-gal-IR RN33B cells were detected (Fig. 8a,*). Some p-gal-IR 
cells had morphologically differentiated to resemble cortical py- 
ramidal neurons with long apical processes extending towards 
the pial surface (Fig. Sb), but the majority were undifferentiated. 
At 5 weeks posttransplantation, fewer P-gal-IR cells were found 
(Fig. %c,d), but many more were differentiated. A cluster of 
P-gal-IR cells located in the deeper layers (IV-VI) of the neo- 
cortex had pyramidal cell bodies with diameters of 10-16 urn 
and extensive branched processes (Fig. 8rf) resembling endog- 
enous pyramidal cortical neurons. By 16 weeks posttransplan- 
tation, most p-gal-IR cells had differentiated phenotypes (Figs. 
8ef). 

Quantitative analysis of B-gal-lR RN33B cell transplants in 
the neonatal CNS 

Figure 9a shows that the total number of p-gal-IR cells in neo- 
natal hosts significantly decreased with longer survival times. 
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Figure 5. Temporal progression of RN33B differentiation in the adult cerebral cortex. P-gal-IR RN33B cell transplants in coronal sections of 
adult occipital cerebral cortex at 2 (a, b\ 5 (c, d), and 16 (e, f) weeks posttransplantation, b, d, and /are higher magnification photomicrographs 
of regions of the fields shown in a. c. and e. respectively. At 2 weeks posttransplantation (a. b) the majority of p-gal-TR RN33B cells are 
undifferentiated. A few 0-gaI-IR RN33B cells extended large caliber apical process and extensive basal processes (arrows in a), similar to endog- 
enous cortical pyramidal neurons. One of the cells (curved arrow) had a fine axon-like process extending towards the white matter. At 5 weeks 
many (J-gal-IR RN33B cells were differentiated with morphologies similar to those of medium-sized pyramidal neurons (c. d). Note the extensive 
process outgrowth extending both distally and apically towards the pial surface. The arrow in c indicates the terminal arborization in the plexiform 
layer of processes from an 0-gal-IR RN33B cell whose cell body is in another plane of focus. Some undifferentiated cells are seen (arrowheads 
m c) and some cells are observed in close proximity to blood vessels. At 16 weeks (e, /), more differentiated B-gal-IR RN33B cells are seen 
dispersed throughout the thickness of the cerebral cortex (arrows in e and/). Some (3-gaI-IR RN33B cells remained undifferentiated (arrowheads 
in e). Scale bars: a, c and e, 200 pjn: b. d, and/, 100 pm. 
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Table 2. RN33B ceU counting and classification used for 



HCTP2 HCTP5 HCTP8 HCTP16 



Cortex 


Pyramidal cell 


73 


312 


61 


279 




Stellate cell 


7 


30 


9 


60 






25 


21 


5 


99 




Around vessels 


14 


34 


0 


11 




Undefined 


13 


14 


0 


25 




Undifferentiated 


495 


190 


14 


205 


Hippocampus 


CA3 pyram. cell 


115 


70 


15 


31 




CA1 pyram. cell 


45 


61 


10 


15 




Granular cell 




57 


21 


19 




Subiculum cell 


0 


0 


10 


22 




Hilar region 


0 


60 


67 


123 




Bipolar 


171 


111 


106 


86 




Around vessels 


141 


54 


14 


86 




Undefined 


147 


238 


58 


70 




Undifferentiated 


1575 


1082 


551 


98 


White matter 


Bipolar 


1880 


645 


191 


97 




Undifferentiated 


3483 


640 


364 


37 


Total 




8185 


3630 


1496 


1295 



Each column illustrates a representative neonatal animal for each survival in 
terval. RN33B cells detected were counted and classified into different cell 
types depending on location of integration and morphology of cells in each 
region. Animal # abbreviations: hippocampal cortical transplant in postnatal 
rat (HCTP); the number indicates the survival interval (2, 5, 8, or 16 weeks), 
and the last letter indicates the animal in a series of transplants (A-I). 



Posthoc analysis showed that all time points differed signifi- 
cantly with the exception of 8 and 16 weeks. At 2 weeks post- 
transplantation 59% of transplanted cells were detected. By 5 
weeks 46% of the initial cells detected at 2 weeks remained, 
while only 13% of those detected at 2 weeks were observed 16 
weeks after transplantation. In contrast, the percent of differen- 
tiated cells significantly increased with longer posttransplant sur- 
vival times in the cerebral cortex and in the hippocampus (Fig. 
9c), so that at 16 weeks 68% of the remaining RN33B cells 
exhibited a differentiated phenotype in the cerebral cortex and 
63% in the hippocampus. However, the total number of differ- 
entiated RN33B cells in the cerebral cortex and the hippocampus 
at various survival times was not significantly different (Fig. 9b). 



Transplanted RN33B cell assume complex and variable neuronal 
phenotypes in the neocortex and hippocampal formation of adult 
and neonatal rat hosts. As observed in vitro (Whittemore and 
White, 1993), RN33B cells differentiate in vivo only along a 
neuronal phenotype. Optimal morphological differentiation into 
region-specific neuronal phenotypes was seen only following 
transplantation into the CNS. The classifications of RN33B cells 
are based on morphological criteria comparable to those de- 
scribed in earlier studies of Golgi-impregnated neurons. RN33B 
cells in different neuroanatomical sites assumed morphologies 
characteristic of endogenous neurons at the integration site or 
remained undifferentiated. In the hippocampus, depending on 
the cell layer in which RN33B cells were located, some cells 
assumed morphological characteristics similar to those of en- 
dogenous CA1, CA3, and subiculum pyramidal neurons and 
granule cell neurons in terms of the shapes of their cell bodies 
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Figure 6. Quantitation of surviving, fJ-gal-IR RN33B cell in adult 
CNS. a, Counts of total numbers of P-gal-B* cells after variable survival 
intervals demonstrate that the total number of RN33B cells did not 
change with longer survival times (ANOVA, df = 3,11, F = 0.921, p 
= 0.462). Each bar gives the mean ± SEM for four animals except at 
16 weeks which represents three animals, b, The percentage of differ- 
entiated p-gal-IR RN33B cells in the cerebral cortex and hippocampus 
increased with longer survival times. Statistical analysis showed that 
these increases are not significant (ANOVA, df = 3,11, F = 1.746 and 
2.842, p = 0.215 and 0.086 in the cerebral cortex and hippocampus, 
respectively). 



and the number, pattern, and orientation of neui 
and their structural polarity (Bayer, 1980; Gahwilar, 1984; 
Frotscher et al., 1988). In the cerebral cortex, the morphologies 
of differentiated RN33B cells were consistent with those of cor- 
tical pyramidal neurons and polygonal cells of the first cortical 
layer and polymorphic cells of the deep layer of Golgi (Ramon 
y Cajal, 1988). In white matter, RN33B cells remained undif- 
ferentiated or became spindle-shaped, bipolar cells. Double 
staining for GFAP and X-gal indicated that transplanted RN33B 
cells did not differentiate to an astrocytic phenotype. Moreover, 
recent ultrastructural results have detected synapses on p-gal-IR 
processes in both the cerebral cortex and hippocampus (L. S. 
Shihabuddin, M. B. Bunge, V. R. Holets, and S. R. Whittemore, 
unpublished observations), consistent with a differentiated neu- 
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Figure 7. Temporal progression of RN33B cell survival and morphological differentiation in neonatal hippocampus. B-gal-IR RN33B cell trans- 
plants in coronal sections of hippocampus at 2 (a, 6), 5 (c, d), and 16 (e, f) weeks posttransplantation, b, d, and /are higher magnification 
photomicrographs of the fields shown in a, c, and e, respectively. At 2 weeks posttransplantation (a, b), many p-gal-lR RN33B cells are seen, the 
majority of which are undifferentiated. Some B-gal-IR RN33B cells in the pyramidal layer of CA1 (.arrowheads in a) and CA3 (arrows a and b) 
differentiated and extended apical and basal processes. At 5 weeks posttransplantation (c. d), fewer P-gal-IR RN33B cells are detected but a higher 
percentage are morphologically differentiated (e.g., CA3 region in d). At 16 weeks posttransplantation («?, /), most of the (J-gal-IR RN33B cells 
have morphologically differentiated to assume phenotypes similar to neurons at the integration site. Some cells located in the granular cell layer 
(gel) have morphologies characteristic of endogenous granular neurons (small arrows). Many 6-gal-IR RN33B cells are located in the hilar (H) 
region (large arrows) and some in the CA3 pyramidal cell layer (arrowheads). Scale bars: a, c, and e, 200 p,m; b, d, and/, 100 u.m. 



ronal phenotype of the transplanted RN33B cells. These data 
demonstrate that RN33B cells morphologically differentiate in 
response to regional microenvironmental cues, rather than fol- 
low a predetermined developmental fate. 

Previous studies have demonstrated that immortalized, pluri- 
potent, neuroepithelial precursor cell lines transplanted into the 



neonatal CNS can differentiate into both neuronal and glial cell 
types characteristic of the specific host regions. Renfranz et al. 
(1991) and Snyder et al. (1992) saw neuronal differentiation 
only into neuronal phenotypes that were undergoing neuroge- 
nesis at the time of transplantation. In contrast, Gao and Hatten 
(1994) described differentiation into multiple neuronal pheno- 
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Figure 8. Temporal progression of RN33B cell survival and morphological differentiation in neonatal cerebral cortex. B-gal-IR RN33B cell 
transplants in coronal section of cerebral cortex at 2 (a, b), 5 (c, d), and 16 (e, f) weeks posttransplantation, b, d, and /are higher magnification 
photomicrographs of the fields illustrated in a, c, and e, respectively. At 2 weeks posttransplantation (a, b), a large number of B-gal-IR RN33B 
cells are dispersed throughout the thickness of the neocortex. The majority of these cells are undifferentiated, but a few have morphologically 
differentiated to resemble cortical pyramidal neurons (arrows), as shown in b. Note the long apical processes extending towards the pial surface. 
At 5 weeks posttransplantation (c, d), fewer cells are detected, but many more are morphologically differentiated. In d, a cluster of B-gal-IR RN33B 
cells located in deeper layers of the neocortex with morphologies similar to those of endogenous pyramidal cortical neurons is shown. At 16 weeks 
ution (e, /), most B-gal-IR RN33B cells have differentiated phenotypes. Scale bars: a, c, and e, 200 u,m; b, d, and /, 100 u,m. 



types, both mitoticaily active and postmitotic, following trans- 
plantation of pluripotent granule cell precursors back into the 
cerebellum. All three groups defined multiple glial phenotypes. 
Similarly, we observed neuronal differentiation of RN33B ceils 



in both adult and neonatal hippocampus and cerebral cortex into 
cell types that are born prenatal ly or postnatally (Altman and 
Bayer, 1990a,b; Bayer et al, 1991). We interpret these differ- 
ences between the data to reflect intrinsic differences between 
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Figure 9. Temporal changes in p-gal-IR RN33B cell survival and dif- 
ferentiation following transplantation into the neonatal CNS. The total 
numbers of p-gal-IR RN33B cells were counted after variable posttrans- 
plantation survival intervals. Data represent the mean ± SEM for four 
animals at each time point, a, The total number of RN33B cells signif- 
icantly decreased with longer survival times in all regions (ANOVA, 
df = 3,12, F = 24.873, p < 0.0001). Posthoc analysis (unequal N LSD, 
p < 0.05) showed that all time points differed significantly with the 
exception of 8 and 16 weeks, b. Counts of the total number of differ- 
entiated RN33B cells at variable survival times demonstrate that the 
total number of differentiated RN33B cells did not change in the ce- 
rebral cortex (ANOVA, df = 3,12, F = 0.267, p = 0.847) or in the 
hippocampus (ANOVA, df = 3,12, F - 0.374, p = 0.773) with longer 



the respective neuroepithelial precursor cell lines. Variables such 
as the lineage stage of the infected precursor, the transforming 
gene used, and the site of retroviral integration all influence the 
terminal differentiated phenotype of the transplanted precursor 
cell line (Whittemore et al., 1995). The fact that RN33B cells 
differentiate only into neurons likely reflects their initial im- 
mortalization at a developmental stage where they had already 
committed to a neuronal lineage. Consistent with this interpre- 
tation, peak neurogenesis in the raphe nucleus occurs between 
E13-14 (Lauder and Bloom, 1974) and RN33B cells were de- 
rived from E13 raphe nuclei. The ability of RN33B cells to 
differentiate with multiple morphologies in the hippocampus and 
cerebral cortex indicates that while these cells are neuronally 
restricted they have not yet become committed to one single 
neuronal phenotype. This conclusion is supported by in vivo data 
of cortical transplants of fetal tissue that suggest an early, tran- 
sient, period during which the ultimate phenotype assumed by 
uncommitted, neuronally restricted precursor cells remains sen- 
sitive to environmental factors in the host (Barbe and Levitt, 
1991). 

Both genetic and extrinsic factors may regulate the lineage 
choices of multipotential progenitors (Anderson, 1989; McKay, 
1989) and the area-specific distinctions of cerebral cortical neu- 
rons (Rakic, 1988; O'Leary, 1989). Transplantation experiments 
have shown that the host tissue environment may alter the dif- 
ferentiation and neural connections of transplanted, developing 
donor cells (Frank and Wenner, 1993; O'Leary and Koester, 
1993). Multiple growth factors are responsible for neuronal sur- 
vival and differentiation (Cattaneo and McKay, 1990; Chao, 
1992; Collazo et al., 1992; Segal et al., 1992). The high levels 
of $79™-, the presence of trkB mRNA, the expression of full- 
length trkB receptor (Whittemore and White, 1993), the induc- 
tion of c-fos mRNA in response to BDNF treatment (data not 
shown), and the precise spatial differentiation of RN33B cells 
in CNS areas which produce high levels of BDNF and/or NT-3 
and NGF (Enfors et al., 1990; Maisonpierre et al., 1990), suggest 
that neurotrophin(s) may be also involved in RN33B differen- 
tiation in vivo. 

Embryonic cerebellum transplants into the cerebellum of adult 
Purkinje cell degeneration mutant mice properly differentiate 
and integrate into the host circuitry (Sotelo and Alvarado-Mal- 
lart, 1986). Transplanted NTera2 cells, a human tetratocarcinoma 
cell line capable of neuronal differentaition, establish molecular 
and structural polarity following transplantation into the adult 
rat brain (Trojanowski et al., 1993). Furthermore, long interfas- 
cicular growth of axons from ectopic embryonic neurons is ob- 
served along fiber tracts of adult brain and spinal cord (Fujii, 
1991; Davies et al., 1993, 1994), indicating that the microenvi- 
ronment of the adult host tracts provides sufficient cues to induce 
axon elongation in neurons that do not normally project through 
those specific tracts. Collectively, these data suggest that the 
adult CNS has the potential to direct the specific integration and 
differentiation of immature embryonic neuronal precursor cells. 



survival times, c, Counts of differentiated RN33B cells in cerebral cor- 
tex and hippocampus demonstrated a significant increase in the per- 
centage of differentiated RN33B cells in the cerebral cortex (ANOVA, 
df = 3,12, F = 6.225, p = 0.008) and in the hippocampus (ANOVA, 
df = 3,12, F = 4.454, p = 0.025) at longer survival times. The asterisk 
(*) identifies time points that differed significantly from the 2 weeks 
time point using post hoc analysis, unequal N LSD, p < 0.05. 



The Journal of Neuroscience, October 1995, 75(10) 6677 



RN33B cells survive in both neonatal and adult hosts for ^6 
months without forming tumors or otherwise distorting the or- 
ganization of the host brain. While the phenotypes assumed by 
RN33B cells were similar in adult and neonatal hosts, there was 
a difference in the temporal pattern of survival and differentia- 
tion. There was an initial period of cell loss shortly after trans- 
plantation in adult hosts, but the total number of RN33B cells 
stabilized by 2 weeks posttransplantation. In contrast, more 
RN33B cells were seen at early posttransplantation times in neo- 
natal hosts, but the total number of RN33B cells decreased with 
longer survival times. The increased initial survival of trans- 
plants within young hosts, is consistent with results with primary 
CNS grafts (Gage et al., 1983; Crutcher, 1990). By 16 weeks, 
the total number of RN33B cells was same in both adult and 
neonatal hosts, constituting about 6% of the total number of cells 
transplanted. The low number of surviving RN33B cells in adult 
and neonatal rat hosts at 16 weeks posttransplantation is also 
consistent with results from primary neuronal transplants where 
<10% of the neurons routinely survive (Brundin and Bjorklund, 
1987), but may also be due to the facts that RN33B cells were 
transplanted into an intact CNS. A recent study demonstrates 
that prior hippocampal lesion significantly improved fetal hip- 
pocampal graft survival (Shetty and Turner, 1995), presumably 
through induction of additional trophic support (Cotman et al., 
1985). 

The quantitative data represent the minimum estimate of sur- 
viving cells since exogenous gene expression driven from the 
murine Maloney leukemia virus (MMLV) LTR, such as the vec- 
tor used here, has the potential to downregulate in vivo (Palmer 
et al., 1991; St. Louis and Verma, 1988; Onifer et al., 1993). 
However, these data do reflect the relative cell numbers and the 
extent of differentiation of transplanted, RN33B celk after vari- 
able survival times within and between different age groups. The 
percentage of morphologically differentiated RN33B cells in 
adults increased with longer survival times, but did not exceed 
27% of remaining cells, whereas, the percentage of differentiated 
RN33B cells in neonates increased with longer survival times, 
reaching a maximum of 68% at 16 weeks posttransplant. As the 
total number of differentiated cells did not apparently change 
over time, the increase in the percent of differentiated cells was 
due to the loss of undifferentiated cells, suggesting that differ- 
entiated RN33B cells survive for long times in vivo. Moreover, 
2 weeks was sufficient for the initial morphological differentia- 
tion of transplanted, RN33B cells in the neonatal CNS. One 
explanation for these data would be that endogenous levels of 
specific neurotrophic factors (Maisonpierre et al., 1990; Korsch- 
ing, 1993), extracellular matrix (Sanes, 1989; Letourneau et al, 
1994) and/or cell surface molecules (Stichel and Muller, 1992; 
Goodman and Shatz, 1993) have distinct patterns of spatial and 
temporal expression in the adult and neonatal CNS, and may 
differentially support the survival and differentiation of RN33B 
cells. The observed differences between adult and neonatal 
transplants further suggests that a distinct set(s) of effector mol- 
ecule^) was responsible for RN33B cell survival and differen- 
tiation. 

Our results indicate that transplanted, immortalized, neuronal 
precursor cell fines are capable of extensive interactions with the 
host cells. Importantly, these cells survive chronically in both 
the adult and neonate CNS and maintain their differentiated neu- 
ronal phenotype. Such cell lines can be used in a variety of 
experimental paradigms to investigate discrete issues of devel- 
opmental plasticity. Ultimately, appropriately derived immortal- 



ized cell lines may prove therapeutically useful as a means to 
replace endogenous CNS neurons lost as a result of trauma or 
neurodegenerative disease. This could result both because of the 
inherent plasticity of these neuronal cell lines, and more impor- 
tantly, because of the capacity of the adult CNS to precisely 
direct specific differentiation and integration of the transplanted 
cells. 
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Lines of glial precursor cells immortalised with a 
temperature-sensitive oncogene give rise to astrocytes and 
oligodendrocytes following transplantation into 
demyelinated lesions in the central nervous system. 

Trotter J, Crang AJ, Schachner M , Blakemore WF . 

Department of Neurobiology, University of Heidelberg, Germany. 

Immortalised lines of murine glial precursor cells expressing 
the neomycin resistance gene and a temperature-sensitive 
mutation of the SV 40 T oncogene were established from 
cultures of oligodendrocytes and precursor cells infected with 
a replication-incompetent, helper-free retrovirus. At the 
permissive temperature (33 degrees C), they could be 
continually propagated in vitro and cells were present 
expressing the 04 antigen specific for glial precursor cells 
and oligodendrocytes. At 38 degrees C, where the 
expression of the T antigen is down regulated, cell division 
largely ceased. During early passage in vitro, limited 
differentiation to a more mature phenotype, as evidenced by 
expression of GFAP and the oligodendrocyte marker 01 was 
observed at both 33 degrees C and 38 degrees C. When 
transplanted into demyelinating lesions in the spinal cords of 
adult rats early passages of the lines yielded myelin-forming 
oligodendrocytes and astrocytes. Cells from later passages 
of the lines although failing to synthesise myelin still 
associated specifically with the demyelinated axons. These 
experiments demonstrate the retention of physiological 
properties of these oncogene-carrying glial cells when 
transplanted in vivo and suggest that such immortalised 
populations can be used for the isolation of molecules 
regulating glial cell function. 

PMID: 8244529 [PubMed - indexed for MEDLINE] 
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In vitro and in vivo analysis of a rat 
bipotential 0-2A progenitor cell line 
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Gene therapy in the adult primate brain: 
intraparenchymal grafts of cells genetically modified to 
produce nerve growth factor prevent cholinergic 
neuronal degeneration 

MH Tuszynski 1 - 2 , J Roberts 3 , M-C Senut 4 , H-S U 5 and FH Gage 6 

Departments of l Neuroscien.ces and Neurosurgery, University of California, San Diego, CA; department of Neurology, Veteran's 
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Gene therapy may be a useful means of delivering subst- 
ances to the braih that are capable of preventing neuronal 
degeneration. In the present experiment, we determined 
whether intraparenchymal transplants of primary autolog- 
ous cells genetically modified to produce nerve growth fac- 
tor (NGFj would prevent injury-induced degeneration of 
cholinergic neurons. Cultured primary monkey fibroblasts 
were genetically modified to. produce human NGF, and 
secreted 13.2 ng NGF/10 3 cells/h in vitro. Adult monkeys 
then underwent fornix transections to induce degeneration 
of basal ftirebrain cholinergic neurons, and received auto- 
logous, grafts of either NGF-producing or control, j3- 
galactosidase-producing fibroblasts directly into the basal 
forebrain region. One month later, 61.7+ 8.9%. of. chol- 
inergic neurons remained indentifiable in NGF -graft recipi- 
ents compared to 26.2+5.0% in control graft recipients 
(P< 0.02), Neuronal protection correlated with the accu- 

Keywords: Nerve growth factor; cholinergic neurons; media 



racy of graft placement: up to 92% protection from neur- 
onal degeneration occurred when NGF-secretjng grafts 
were' accurately placed immediately adjacent to injured 
neurons. Thus, intraparenchymal NGF delivery to the adult 
primate brain by gene transfer can prevent the degener- 
ation of basal forebrain cholinergic neurons. Gene therapy 
can target intraparenchymal brain sites for regionally spec- 
ific neurqfrophin delivery, thereby avoiding limitations 
imposed by diffusion of substances across the blood-brain 
barrier and through CNS parenchyma, while avoiding 
adverse effects of neurotrophic factors delivered in a non- 
directed manner to the central nervous system. The deliv- 
ery of NGF by gene transfer to the brain merits further 
study as a means of preventing cholinergic neuronal 
degeneration in human disorders such as Alzheimer's 
disease. . ' : , .' "' 

septum; gene therapy; hippocampus; Alzheimer's disease 



Introduction 

Neuronal degeneration and loss occur during develop- 
ment, injury, aging or as a component of chronic neuro- 
degenerative disorders. 1-5 Several neurotrophic factors 
have been identified that prevent neuronal degeneration 
at various periods during life in selected neuronal popu- 
lations. 6 " 10 The best characterized neurotrophic factor, 
nerve growth factor (NGF), prevents sympathetic and 
sensory neuronal death during development, 6 prevents 
lesion-induced basal forebrain cholinergic neuronal 
degeneration in adult rats and primates, 11 ' 15 and reverses 
age-related basal forebrain cholinergic neuronal degener- 
ation and promotes partial cognitive recovery in rats. 3 
Basal forebrain cholinergic neuronal loss also occurs in 
Alzheimer's disease (AD). NGF may prevent this loss and 
improve cognitive function in AD. 16-18 
Gene therapy may be a useful tool for the delivery of 
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substances such as neurotrophic factors to the central ner- 
vous system (CNS), 19 achieving intraparenchymal, 
regionally restricted and sustained neurotrophic factor 
delivery without risk of immunologically mediated graft 
rejection. 20 In rat models, somatic gene transfer has pre- 
vented the degeneration of basal forebrain cholinergic 
neurons 21 - 22 and improved functional outcomes after 
brain injury. 23-25 In primates, we recently reported that 
primary primate autologous fibroblasts could be trans- 
duced in vitro to produce NGF; when grafted to intrapar- 
enchymal sites in adult monkey brains these genetically 
modified cells elicited growth of neurites from adult chol- 
inergic neurons for periods of at least 6 months. 20 

In the present experiment, we sought to determine 
whether intraparenchymal NGF delivery by gene transfer 
could prevent neuronal degeneration in the brains of 
adult monkeys. Unilateral fornix transections were per- 
formed to interrupt projecting septohippocampal chol- 
inergic axons, and primary adult primate fibroblasts, 
transduced to secrete NGF, were grafted into the medial 
septal region. One month later, brains were examined to 
determine whether NGF-secreting grafts prevented neu- 
ronal degeneration. Control subjects underwent fornix 
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transections followed by grafts of autologous fibroblasts 
genetically modified to produce the bacterial [3-galactosi- 
dase (f3-gal) molecule. 

Results 



(1) In vitro: Northern blot analysis showed expression of 
NGF rnRNA from fibroblasts transduced with the NGF 
gene. Two-site ELISA showed that fibroblasts from Cyno- 
molgus monkeys transduced with the NGF gene secreted 
an average of 18.1 ±7 ng NGF/10 6 cells/h, while fibro- 
blasts from Rhesus monkeys secreted an average of 
12.6 ±0.8 ng NGF/10 6 cells/h, an amount that did not 
differ significantly (P = 0.6). Previous results have also 
indicated that NGF secretion rates from NGF-transduced 
fibroblasts of these two species do not differ signifi- 
cantly. 20 Conditioned medium from NGF-transduced 
fibroblast cultures elicited neurite outgrowth from PC-12 
cells, demonstrating the secretion of biologically active 
NGF as previously reported. 20,26 

Following selection in G418, monkey fibroblast cul- 
tures transduced with the P-gal transgene showed intra- 
cytoplasmic immunolabeling for |3-galactosidase up to 
the latest time-point tested, passage 14 (4 months in 
culture). 

(2) In vivo: Genetically modified fibroblasts were har- 
vested for grafting at passage numbers 10-14. All animals 
survived the experimental period and showed no 
behavioral abnormalities arising from unilateral fornix 
transection or cell grafting. 

Graft morphology and location 

Surviving fibroblast grafts were found in all subjects at 
the 1 month time-point with Nissl staining (Figure 1). 
Accuracy of graft placement relative to the medial septal 



target region varied from 150 u.m to 2880 u.m (Table 1). ' 

In one animal the NGF-secreting graft was inadvertently [ 

placed in the corpus callosum and lateral ventricle, and j 

it was excluded from further analysis. Animals that ' 

underwent pre-operative MPJ localization showed sub- , 

stantially improved graft placement. 27 NGF grafts in Rhe- 1 

sus and macaque monkeys showed equivalent degrees of I 

penetration of AChE- and p75 NGF receptor-labeled fib- '' 

ers (see below). Fibroblast cell density within grafts did I 

not vary substantially between subjects. | 

Cholinergic neuronal degeneration 

Animals that received grafts of NGF-secreting cells ' 

showed substantial prevention of retrograde cholinergic < 

neuronal degeneration as assessed with p75 neurotrophin \ 

receptor and ChAT immunolabeling. Among NGF- j 

secreting graft recipients, p75 receptor labeling showed . 

persistence of 61.7 + 8.9% (s.e.m.) of the original chol- ! 

inergic neuronal population on the side of the fornix tran- < 

section compared to only 26.2 ±5.0% among animals '■ 

with p-gal grafts (P < 0.02; Figures 2 and 3). Similarly, f 

ChAT immunocytochemical labeling showed a persist- i 

ence of 51.8 ± 5.3% of neurons among animals with septal | 

NGF-secreting grafts but only 28.9 ±1.2% of neurons in j 

subjects with (3-gal grafts (P < 0.01; Figure 3). Graft size ( 

and accuracy of graft placement generally correlated with j 1 
host neuronal savings in NGF graft recipients, with up 

to 92% prevention of cholinergic degeneration occurring j 
in a subject with the largest and most accurately placed 

graft. In contrast, an NGF graft that was small and dis- j 
tantly located (2.8 cm) from the mid-portion of the sep- 
tum prevented the degeneration of only 37.6% of chol- 
inergic neurons, an amount that differed little from (3-gal 
graft recipients. Graft size and distance did not appear 
to correlate with the degree of cell loss in subjects with 
p-gal-producing grafts, and the degree of cell loss in sub- 
jects with P-gal grafts did not differ significantly from 
previous studies of fornix transections in primates." The 




Figure 1 Fibroblast grafts in medial septum, (a) Acetyl cholinesterase (AChEhstained NGF-secreting fibroblast graft in the septum 1 month i>f ta 
? ifling Graft is located adjacent to cholinergic neuron-containing region. Arrows indicate graft; arrowhead indi esmidli il • t >- 
(b) Grafts integrate well with host tissue. Arrows indicate right lateral border of graft, g. Nissl slain; calibration bar -25 yon. (c) Nissl -.lain of 
N ' 1 aft shows cells with typical fibroblast morphology (examples indicated by arrows). Left lateral border of graft indicated by asterisks- 

Calibration bar ^20 pun. 



Table 1 Characteristics of each experimental subject 



NGF production 
ng/10 6 cells/h 



Graft volume 
(mm 3 x 10 s ) 



% labelled 
neurons* 



( 8 



NGF , 

NGF 

NGF 

NGF 

NGF 

P-gal 

p-gal 



Rhesus 
Rhesus 

Cy^o 
Cyrio 



2200 
224 



2500 



92.1 
65.7 

.56.3 



27.0 



"Graft distance from central media) spectrum. . .V ■.-..' ' ' : v \ 

"Percentage of neurons labelled by immunocytochmriical antibody directed against the low-affinity (p75) neurotrophin receptor, lesioned 
I side/intact side. " 

i NGF, NGF-secretmg graft; fJ-gal, (3-galactosidase-producing graft; Cyno, Cynomolgus monkey (Mncacn ' fitscicularis); Rhesus (Macaai 
I mulatto); MRI performed; -, MRI not performed. 



degree of septal cholinergic neuronal degeneration 
among NGF recipients did not correlate significantly 
j with NGF secretion rates from grafted cells measured in 
vitro prior to grafting (r 2 = 0.7). 

Cholinergic neuritic sprouting 

Grafts of NGF-secreting cells were penetrated by AChE- 
labeled fibers, as previously observed (Figure 4). 20 Con- 
trol grafts were not penetrated by these fibers. Chol- 
inergic sprouting in the dorsolateral quadrant of the sep- 
tum was not detectable. 

In vivo tmnsgene expression 

Immunolabeling for NGF and bacterial (3-galactosidase 
was present in NGF-transfected and control grafts, 
respectively, indicating continued expression of trans- 
genes for at least 1 month in vivo (Figure 5). Approxi- 
f mately 10-20% of cells within grafts appeared to demon- 
I strate immunoreactivity for their respective gene 
1 products. 

f After 6 months in viva, fresh dissection of an NGF- 
r- secreting graft from one animal yielded 24.4 ng NGF/g 
[ tissue (total sample weight 5.1 mg). Less than 2 ng 
, NGF/g tissue was detected from a second sample of cor- 
I tex located adjacent to the first NGF-graft-containing 
| sample (a distance of approximately 1 cm from the region 
. of the graft). Less than 2 ng NGF/g tissue were detected 
| from two samples of normal cortex from the contralateral 
| cerebral hemisphere in the same animal. 

j Discussion 

I Somatic gene transfer of NGF can prevent basal forebrain 
cholinergic neuronal degeneration in the adult primate 

I brain. Following cholinergic neuronal injury, intraseptal 

f grafts of autologous monkey fibroblasts genetically modi- 

1 fied to produce NGF prevented the degeneration of 62% 

j of medial septal cholinergic neurons labeled for the p75 

' neurotrophin receptor. Lesioned animals with control 

( grafts showed a persistence of only 26% of the original 

( population of cholinergic neurons. 

' Therapeutic trials of neurotrophic factors have been sug- 

! gested for preventing neuronal loss in several CNS neuro- 

: degenerative disorders including AD, 16 - 17 but the optimal 

; met hod for delivering these substances to the brain is 



uncertain. 18 Neurotrophic factor effects on target ri 
are mediated by specific binding to high- and low-affinity 
neurotrophin receptors that are distributed along the 
length of the axon and cell body. 28 To date, most exper- 
iments in rats and primates have utilized intraeerebroven- 
trieular (ICV) NGF delivery to stimulate neurotrophin 
receptors, 11 ' 14 - 15 ' 29 " 31 thereby releasing large amounts of 
NGF into the cerebrospinal fluid (CSF). The resulting broad 
distribution of NGF throughout the CSF space has caused 
weight loss 32 and sprouting of sympathetic neurites around 
the cerebral vasculature 33 in rats. NGF delivery to the spi- 
nal cord also induces sprouting of sensory neurites from 
the dorsal root ganglia into the CNS. 34 Further, chronic ICV 
NGF infusions into the CNS induce extensive migration of 
Schwann cells and sprouting of sensory and sympathetic 
neurites into the subpial space surrounding the spinal cord 
and brainstem. 35 A case study of one human AD patient 
treated with ICV NGF reported activation of a herpes zos- 
ter infection during the infusion period, 36 a virus that exists 
in a latent state in the sensory dorsal root ganglion. Thus, 
ICV infusions are a useful means of circumventing dif- 
fusion restrictions imposed by the blood-brain barrier on 
large protein molecules such as NGF (MW 13 250 daltons), 
but adverse effects result from neurotrophic factor influ- 
ences on non-targeted neuronal populations. It is also 
unclear whether NGF that is infused ICV will diffuse for 
sufficient distances through solid brain parenchyma to 
reach basal forebrain neurons in humans. NGF diffusion 
through brain parenchyma may be limited to distances as 
low as 1 mm, 37 and basal forebrain neurons in humans are 
located more than 1 cm from the ependymal and cortical 
surfaces. Extensive NGF diffusion through brain paren- 
chyma may not have been required in previous studies that 
examined prevention of cholinergic neuronal loss in the 
primate brain after ICV NGF delivery, 111415 ' 2 '^ 1 since 
axotomized cholinergic neurons in the latter studies were 
located in the lateral ventricle and had direct access to 
NGF. 

Gene therapy may offer an alternative means of pro- 
viding neurotrophic factors to the CNS in an intraparen- 
chymal, regionally specific, chronic and well-tolerated 
manner. Intraparenchymal grafts of autologous fibro- 
blasts, genetically modified to produce NGF, prevented 
the degeneration of 62% of basal forebrain cholinergic 
neurons after fornix transections in this study. The largest 
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figure! NGF receptor immimolabeled cells in the medial septum, how-power view of medial septum in control, [3-galactosidase producing graft (a) j 
and NGF-secreting graft (b). Calibration bar = 120 jam. (c) Retrograde degeneration of cholinergic cell bodies on the right < dc of II 

septum occurs in animals with control grafts following transection of the fornix. Arrow indicates midline, (d) Among subjects tlwt receive NGI "secretins 
genetically modified cell grafts there is prevention of retrograde degeneration after fornix lesions. Calibration bar (c^)-50t» n _ ■ 
(e) Higher magnification in animal with control graft shows cells undergoing retrograde degeneration (arrows). Remaining neurons are atrophic, (fi 
There are fewer degenerating neuronal profiles after placement of NGF-secreting grafts. Calibration bar (e,f) = 15 p.m. 
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a Percentage Cell Savings: NGF Receptor 
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-V Figure3 Cell savings: (a) 61.7 ± 8.9% (±s.e.m.) of basal forebrain chol- 
! inergk neurons remain immunocytochemically labeled for the p75 low- 
's affinity NGF receptor in animals with NCF-secreting grafts, compared 
( to 26.2 1 5.0% in animals with fS-gal producing grafts. Asterisk denotes 
\ significant, differences between groups, P = 0.02. (b) CliAT immunocyto- 
I chemical labeling showed a persistence of 51.8 ± 5.3% of neurons among 
■ animals with septal NGF-secreting grnfts but only 28.9 ± 1.2% in control 
subjects. Asterisk denotes significant differences between groups, P = 0.02. 



and most accurately targeted intraparenchymal NGF- 
secreting graft prevented the degeneration of 92% of 
cholinergic neurons, exceeding the 80% degree of chol- 
inergic protection attained in previous studies using ICV 
administration of NGF. 15 Since none of the most accu- 
rately targeted (3-gal grafts were as large as the accurately 
targeted NGF-secreting grafts in this experiment, it can- 
not be stated unequivocally that cholinergic neuronal 
protection was attributable solely to the NGF gene. How- 
ever, previous studies in rats have shown no cholinergic 
neuronal protection from p-gal grafts that were of ident- 
ical size to NGF grafts. 21 Furthermore, control grafts in 
fhe present experiment did not elicit ingrowth of chol- 
inergic neurites labeled for acetylcholine esterase, indicat- 
ing a lack of control graft influence on the cholinergic 
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neuronal phenotype. The cholinergic cell rescue observed 
in this experiment was achieved with an intraparenchy- 
mal NGF delivery rate at least 40 times lower than that 
used in our prior ICV infusion studies (fibroblasts 
secreted an average of 0.32 jxg NGF/day in vitro prior to 
grafting, compared to 12.9 ^g NGF/day delivered with 
ICV infusions 15 ). When NGF-secreting grafts were placed 
at distances greater than 3 mm from host target neurons 
or were inadvertently placed in the lateral ventricle adjac- 
ent to the medial septum (data not shown), they did not 
prevent neuronal degeneration, supporting the possi- 
bility that NGF diffusion through brain parenchyma is 
limited. No damage to the host brain was evident from 
the grafting procedure. 

Previous experiments have reported sprouting of chol- 
inergic neurites into the dorsolateral quadrant of the 
medial septum after ICV NGF delivery. 14 ' 3 "' 31 This sprout- 
ing could have adverse functional consequences, since 
cholinergic innervation of the brain is regionally specific 
and neurites do not normally innervate the dorsolateral 
septal region. In the present study, sprouting was not 
observed into the dorsolateral septum, presumably since 
NGF delivery was restricted to intraparenchymal brain 
sites and did not establish a ventricular gradient of NGF 
to which injured neurites were attracted. On the other 
hand, cholinergic neurites did sprout into the NGF- 
secreting grafts themselves; this sprouting too could have 
adverse functional consequences. Behavioral studies are 
in progress to address this possibility. Ultimately, the 
usefulness of NGF therapy for disorders such as AD may 
reflect a balance between beneficial effects resulting from 
prevention of neuronal degeneration, and adverse effects 
resulting from neurite sprouting in different brain 
regions. 

Significant issues should be addressed before gene 
therapy is utilized to treat human CNS disorders. First, 
extended in vivo gene expression must be documented. 
After 1 month in vivo, approximately 10-20% of grafted 
cells in this experiment were immunocytochemically lab- 
eled for their respective gene products; this was a sub- 
stantial decline from virtual 100% labeling of cells in vitro 
prior to grafting. Yet 6 months after grafting, NGF pro- 
tein was elevated 10- to 20-fold above physiological lev- 
els 38 within a cortical sample containing an NGF- 
secreting graft in the single animal in which it was meas- 
ured. In rats, NGF-secreting grafts in the spinal cord have 
also shown NGF protein production by ELISA and NGF 
mRNA (by reverse transcriptase PCR) 1 year after in vivo 
grafting. 39 Additional data from primates is needed to 
confirm these preliminary results. Second, biological 
effects of genetically modified cells in the host brain 
should be demonstrated at extended time-points in pri- 
mate models. We have reported persistent sprouting of 
cholinergic neurites into NGF-secreting grafts 6 months 
after in vivo grafting in adult monkeys; 20 additional stud- 
ies are in progress. Third, regulation of transgene 
expression in vivo would be a desirable property of a 
delivery system such as this. Although a technically chal- 
lenging task, regulation of in vivo expression may be 
necessary if transduced cells produced too much or too 
little NGF. A means of eliminating grafted cells after in 
vivo placement would also be a desirable property if the 
cells exhibited uncontrolled growth or other undesirable 
effects; insertion of an inducible death gene into grafted 
cells such as thymidine kinase 40 ' 41 may achieve this 
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capability. Alternatively, accurately placed electrolytic 
lesions could eliminate grafted cells while minimally 
affecting the host brain. To date, we have not observed 
uncontrolled cell growth or graft cell migration distant 
from the injection site in more than 200 fibroblast grafts 
to the adult primate brain. Finally, it remains to be 
determined how many graft sites of genetically modified 
cells will be required to provide adequate neurotrophin 
delivery to the relatively large brains of primates, and 
particularly humans. In a human affliction such as Park- 
inson's disease, a single graft per affected side of the 
brain may be sufficient to deliver neurotrophins to the 
relatively small region of the substantia nigra. On the 
other hand, in AD, basal forebrain cell loss occurs over 
an intraparenchymal distance extending over approxi- 
mately 5 cm. In the present experiment, no NGF was 
detected from a brain biopsy located 1 cm from an NGF- 
secreting graft, thus the delivery of cells to treat the basal 
forebrain region in humans will probably require mul- 
tiple grafts. 

The present study confirms that adult primate basal 
forebrain neurons maintain NGF-responsiveness follow- 
ing axotomy, that this responsiveness can be promoted 
by neurotrophin delivery to the region of the neuronal 
soma, and that neuronal savings may be elicited by much 
lower NGF doses than utilized previously if NGF is 
delivered intraparenchymally. An increasing number of 
CNS neurons have been found to maintain neurotrophic 
factor responsiveness in adulthood, including cholinergic 
basal forebrain neurons, 311-13 - 42 entorhinal cortical neu- 
rons, 43 thalamic neurons, 44 locus ceruleus neurons, 45 spi- 
nal sensory neurites 34 and spinal motor neurons. 46 " 55 The 
broad responsiveness of diverse brain regions to neuro- 
trophic factors may lead to the development of effective 
therapies for a variety of neurodegenerative and trau- 



matic disorders; gene therapy may be an efficient means 
of providing these neurotrophins to the CNS in circum- 
stances requiring regionally restricted and accurately tar 
geted drug delivery. 



Materials and methods 
Experimental subjects 

Seven adult Macaca fascicularis (Cynomolgus) monkeys 
and two adult Macaca mulatta (Rhesus) monkeys were 
experimental subjects (Table 1). Two species of monkey 
were used because of restricted primate availability; pre- 
vious work has shown no difference in neurotrophic fac- 
tor responsiveness between these primate species. 2 " All 
procedures and animal care adhered strictly to NIH, 
AAALAC, USDA, Society for Neuroscience, and insti- 
tutional guidelines for experimental animal health, safety 
and comfort. 

Primary cultures of dermal fibroblasts 
Experimental subjects were anesthetized with 25 mg/kg 
ketamine intramuscularly, and the fur over the dorsal Li 
region of the back was clipped and shaved. The skin was 
cleansed with Betadine Scrub, and a skin biopsy 
25 x 25 mm in size was obtained. The biopsies were cle- 
ansed in alcohol, then cut into very small pieces 
(lxl mm) and placed in culture wells containing Dul- 
becco's minimal essential medium (DMEM) with 10"/' 
fetal calf serum (FCS). When cells reached 90% conflu- 
ence, they were passaged by trypsinization then resus- 
pended and replated. Fibroblasts were propagated by 
replating at a density of 1:4. Passage numbers were 
noted. 
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Figure 5 In vivo transgene expression at 1 month: NGF (a,b) and /3- 
galactosidase (b,tl) immunocytochemical labels show persistent production 
of transgene products 1 month after in vivo grafting. Calibration 
bars = 50 pun (a), GO pm '(b), 10 pjn (c), and 20 pan (d). 



Retroviral vector construction 

Structural genes of the Moloney murine leukemia virus 
(MLV) were replaced with either (a) the entire coding 
sequence for the biologically active, p-fragment of 
human NGF (cDNA a gift of the Syntex/Synergen Col- 
laboration, Palo Alto, CA, USA), or (b) E. coli (3-gal under 
control of the viral 5' long terminal repeat (LTR) pro- 
moter, as previously described. 21 Bacterial p-gal was 
chosen as a control gene for use in these experiments 
because it is readily detectable as a transgene product but 
has no known biological activity in the rat or primate 
brain. A dominant selectable marker imparting neomycin 
resistance (neo R ) comprised a second inserted gene in the 
plasmid, under control of an internal Rous sarcoma virus 
(RSV)-LTR promoter. 21 

Transfection of producer cells and infection of primary 
fibroblasts 

The NGF or fi-gal plasmids were introduced into the eco- 
tropic producer cell line psi-2 by the calcium phosphate 
precipitation procedure. Psi-2 cells packaged the desired 



vectors into viral particles that were subsequently used 
to infect the amphotropic producer cell line PA317. This 
resulted in secretion of high titers of amphotropic virus 
that were used to infect primary primate fibroblasts. Tar- 
get fibroblasts that successfully incorporated the trans- 
gene of interest were then selected in vitro with the neo- 
mycin analog G418 at a concentration of 400 u.g/ml. 

Assays of NGF expression 

NGF production by the transfected fibroblasts was 
assayed in four ways: 

(1) Northern blot analysis: Total RNA from confluent 
cultures of monkey fibroblasts b-ansduced to express 
NGF were prepared by guanidine isothiocyanate 
methods and analyzed by Northern blot using a 32 P-lab- 
eled random-primed human NGF cDNA probe. 56 Non- 
transduced primaiy fibroblasts were used as negative 
controls and mouse submaxillary gland as a positive con- 
trol. Approximately 20 fig total RNA were loaded into 
each lane. 

(2) NGF immunoassay: Culture-medium NGF levels 
were measured with a two-site enzyme-linked immuno- 
assay sensitive to 5 pg/ml, 3S using antibodies directed 
against human NGF (gift of Syntex). Culture medium 
was collected after 24 h of incubation. 

(3) NGF biological assay: The ability of NGF from in 
vitro cell extracts and conditioned media to elicit neurite 
outgrowth was quantified in rat PC12 cell cultures, an 
assay sensitive to 100 pg/ml. 

(4) NGF immunocytochemistry: In vivo production of 
NGF from fibroblasts was assessed with a specific poly- 
clonal NGF antibody (gift of Dr James Connor, University 
of California-San Diego). Sections 40 jun-thick were 
rinsed three times in phosphate buffer-physiological 
saline solution, then subjected to a membrane permeabil- 
ization procedure that enhances presentation of NGF 
antigenic epitopes for immunolabeling. Several controls 
assessed specificity of the immunolabel: (a) labeling in p- 
gal producing fibroblasts; (b) labeling in NGF fibroblast 
sections with primary antibody excluded; and (c) ability 
of the same antibody to elicit NGF signal from immu- 
noassay reported in step (2) above. 

Assay of p-galactosidase production 
An immunocytochemical label for bacterial p-gal 
(Promega, Madison, WI, USA) was utilized to study in 
vitro and in vivo production of this control gene. Primate 
P-gal does not cross-react with E. coli p-gal immunocyto- 
chemical label (unpublished observation). 

In vitro harvesting of cells for grafting 
Fibroblasts that successfully incorporated the NGF or p- 
gal transgenes were assayed for transgene production, 
and cells secreting the highest amounts of the transgenes 
were chosen for amplification of cell numbers and graft- 
ing. Cultures were maintained as bulk transfectants, and 
final cell concentrations for grafting were adjusted to 
1.0 xlO 5 cells/ |xl. 

Animal surgery 

For all surgical procedures primates were preanesthet- 
ized with 25 mg/kg ketamine i.m. then anesthetized with 
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either isofluorane administered by endotracheal intu- 
bation or intravenous nembutal (30 mg/kg). Post-operat- 
ively animals were closely monitored and received sup- 
portive care and analgesics as needed. 

Magnetic resonance imaging (MRI) for transplant site 
localization: Five subjects (Table 1) underwent skull 
implantation of magnetodense beads and subsequent 
MRI to generate a stereotaxic atlas for each monkey to 
improve accuracy of graft placement, after initial results 
in animals without using MRI showed suboptimal graft 
placement (see Results). Animals were anesthetized and 
placed in a primate stereotaxic apparatus. A midline 
scalp incision exposed the skull. A 5-mm spherical glass 
bead filled with a 0.04 m solution of CuS0 4 was attached 
to the skull midline with cyanoacrylate at stereotaxic AP 
coordinate +4.0 cm. 27 The scalp was closed in layers. 
After animals recovered, serial coronal 3 mm thick MR 
images of the brain were obtained using a 1.5 tesla mag- 
net to provide accurate localization of medial septal sites 
for grafting. Antero-postero (AP) coordinates for cell 
grafting into the medial septal nucleus were determined 
utilizing the previously implanted magnetodense glass 
bead as an AP zero reference point. 27 

Cell transplantation: Animals were placed in a primate 
stereotaxic apparatus. A midline scalp incision exposed 
the skull. The previously implanted magnetodense glass 
bead was removed, and the base of its stereotaxic location 
measured in the AP plane. A 2.5 x 5 cm sagittally ori- 
ented craniotomy was then performed on each side of the 
hemicranium. A medio-lateral (ML) zero reference point 
was obtained by measuring the midpoint of the superior 
sagittal sinus. The dura was incised and reflected to 
expose sites for cell injections into the medial septum. A 
third reference point in the ventro-dorsal (VD) plane was 
measured at the cortical surface over each injection site. 
Utilizing zero reference points measured in the AP, ML 
and VD planes on the animal and comparing these to 
intended grafting sites visualized on the same animal's 
MRI, cell injection sites targeting the medial septum were 
calculated. Ten microliters of cells were injected into each 
of three medial septal sites spaced 1 mm apart, using a 
25-gauge Hamilton syringe. Cells were injected at a rate 
of 5 ul/min. 

Fornix transection: Moving caudally 1 cm in the AP 
plane, a second craniotomy for transection of the fornix 
was performed 4 mm anterior to the intra-aural line. The 
ipsilateral hemisphere was retracted from the falx cerebri 
to expose the corpus callosum. A core of tissue was 
removed from the underlying white matter with 
microsuction and electrocauterization to create an open- 
ing into the ventricular system to visualize the trigonal 
region. The bundle of the fornix was identified and tran- 
sected. Visualization of midline draining veins indicated 
complete medial transection of the fornix. 

Perfusion 

After a 1 -month survival period, animals were killed for 
histological analysis. Animals were very deeply anesthet- 
ized with ketamine and nembutal and perfused transcar- 
dially for 1 h with a 4% solution of paraformaldehyde in 
0.1 m phosphate buffer followed by 5% sucrose solution 



in the same buffer for 20 min. The brains were stcreotax- 
ically blocked in the coronal plane. j 

Histology \ 
Sections were cut at 40 |xm intervals on a freezing micro- 
tome. Eveiy sixth section was processed for thionine 
(Nissl) or hematoxylin and eosin staining; acetyl cholin- | 
esterase (AChE) histochemistry; low-affinity neurotro- j 
phin receptor (p75 kindly provided by Dr Mark Bothwell, '. 
University of Washington, Seattle, WA, USA); and chol- I 
ine acetyltransferase (ChAT; kindly provided by Dr ) 
Bruce Wainer, Albert Einstein College of Medicine, 
Bronx, NY, USA) immunocytochemical labeling. p75 / 
Receptor labeling has previously been shown to label j 
95% of basal forebrain cholinergic neurons. 5758 j 
Basal forebrain cholinergic neuronal numbers were . 
quantified by counting the number of NGF-receptor and f 
ChAT labeled neurons over the entire rostral-caudal < 
extent of the medial septum. Seven to eight sections per ' 
animal containing medial septal neurons were quantified, ( 
amounting to no fewer than 400 neurons per animal. Cell 
numbers were quantified with a lOx objective using a 
0.5 x 0.5 mm counting grid. Cells were counted that lab- 
eled positively with peroxidase reaction product and pos- 
sessed either a cell body with emerging neuritt* or a pyr- 
amidal shaped cell body with well defined nucleus. 
Neuron numbers on the lesioned side of the septum were 
added and expressed as a percentage of remaining neu- 
rons labeled on the unlesioned side of the septum in the 
same animal. Thus, each animal served as its own histo- 
logical control. 

Stereological quantification and measurement of graft 
distance from target region 

Graft volumes were assessed utilizing stereological tech- 
niques. 59 Briefly, a regular 18 x 30 grid matrix was super- 
imposed on a television monitor containing a lOx pro- 
jected image of Nissl-stained graft sections. Craft area per 
microscopic section was determined by counting the 
number of grid points contained within a graft, multi- 
plied by the true intergrid-point distance. The total vol- 
ume of each graft was obtained by summing the sectional 
area measurements in each graft section, and multiplying 
this sum by the distance between successive sections 
(240 (jjn). Graft distance from medial septal target cells 
was measured utilizing a 100 u.m scale inserted into the 
optical path of an Olympus Vanox microscope, and 
directly measuring the nearest distance from each graft 
to the brain midline in the septal section containing the 
graft. 

Determination of in vivo NGF protein production 
One additional Rhesus monkey received an NGF- 
secreting autologous fibroblast graft into the neocortex 
for the purpose of assessing long-term in vivo NGF gene 
expression. 2xl0 6 Fibroblasts in a 20 jd volume were 
placed into the superficial parietal cortex. Six months 
later, the graft was dissected from the brain. An area of 
cortex adjacent to the graft was also separately dissected, 
together with two samples of control (ungrafted) brain 
from the contralateral hemisphere. The presence of NGF 
protein in the four fresh frozen tissue samples was 
assessed by ELISA as described above. 
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Statistics 

Group differences were determined by Students' t test, 
with results presented as mean ± s.e.m. Multiple group 
comparisons were made by analysis of variance with 
post-hoc analysis using Fisher's least square difference. 
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